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ABSTRACT
THEORETICAL AND EXPERIMENTAL ASPECTS OF
THE HIGGS MECHANISM IN THE STANDARD MODEL
AND BEYOND
SEPTEMBER 2010
ALESSANDRA EDDA BAAS
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Eugene Golowich
The Standard Model of particle physics is the best existing theory for describing
the interactions between elementary particles. Even though the Standard Model has
been confirmed in many experiments, there remain unanswered questions. One of
the main questions is how fermions and most gauge bosons get masses; the Standard
Model begins with them as massless. The Higgs effect is a mechanism to explain
how fermions and several gauge bosons do get masses in the Standard Model. The
corresponding Higgs boson is the only particle that has not yet been detected.
This Thesis gives a complete review of the Higgs effect and Higgs related topics.
It starts with theoretical basics and develops the theory of the Higgs effect within
the electroweak section of the Standard Model. The discussion then considers the
topics of radiative corrections and the effect of the Higgs boson as a virtual particle,
concentrating on the example of the ρ-parameter. In addition, experimental and
vi
theoretical constraints for the Higgs mass MH will be given with special emphasis
on the Hierarchy Problem which leads to a physically unacceptable Higgs mass when
using high energies (of the Grand Unification scale) as a cutoff for the radiative
corrections. Furthermore experimental attempts to detect the Higgs boson at LEP2,
TEVATRON and LHC will be described and the different decay channels discussed.
Finally, alternative theoretical models beyond the Standard Model are motivated
and presented, such as supersymmetry, a vectorlike Standard Model and a possible
relation between the Higgs and the Inflaton of Cosmology.
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INTRODUCTION
In Physics, the field of Particle Physics studies the structure of particles and their
interactions. The first known considerations about the idea, matter consists of parti-
cles are dated as early as to the 6th century before Christ. These studies were more
philosophical than experimentally based as nowadays and the studies were contin-
ued in the medieval times. The 19th century was the beginning of an experimental
search for molecules, atoms and nucleons. Physicists found out that atoms are not
elementary particles but are instead made of substructures. In 1932 the first particle
accelerators were built (Van-de-Graaff) and seven years later L.Meitner and H.Bethe
proved nuclear fission and nuclear fusion respectively which were both innovative dis-
coveries. The 20th century was affected by the discovery of many new elementary
particles, the particle-zoo, as well as the invention of nuclear weapons. Nowadays,
particle physics studies the subatomic components of matter and interaction mostly
at huge particle accelerators by colliding particles. The energy and momentum dis-
tributions are studied as well as directly measurable particles to confirm or rule out
existing theories.
The best known theory which describes the elementary particles and their inter-
actions is called the Standard Model (SM). One can compare it with a book: a book
is composed of many letters which form words. These words then need grammar
and syntax to make sense, therefore books need these things to be understood. It is
somehow similar with the elementary particles: separately, the particles do not give
us much information about our world, but the interactions between them. The SM
consists of three generation of matter and force carriers, shown in Figure 1. The
1
Figure 1. Standard Model [1].
elementary particles are fermions, which means they all have spin 1
2
and obey Pauli
exclusion principle. The fermions are divided into quarks and leptons. There are 6
quarks: up, down, charm, strange, top and bottom, carrying both electrical and color
charge. Furthermore there are also 6 leptons, but only electron, muon and tau carry
electrical charge, whereas the remaining three electron neutrino, muon neutrino and
tau neutrino carry no charge at all. All leptons carry weak hypercharge, allowing
them to interact with the force carrier of the weak interaction, the W and Z bosons.
Neutrinos only interact via weak interaction and since they only appear as missing en-
ergy in the detectors they are notoriously hard to detect. Electron, muon and tau do
have an electrical charge and so they can interact electromagnetically as well. Since
quarks carry both color and electrical charge they can interact via the strong and
the electromagnetic interaction. Quarks always clump together, a phenomena called
confinement, making it impossible to observe them separately. The three generations
are based on similar physical behavior of the particles. As already mentioned, the
other part of the Standard Model are the force carriers. The Standard Model includes
three of four known fundamental interactions: electromagnetic interaction, weak in-
2
teraction and strong interaction; only gravity is not included. The particles which
mediates these forces are vector bosons, having an integer spin and are photon γ,
W± and Z boson, and gluons respectively. The W and Z bosons are not only force
mediators, but also do have a mass and carry charge and hence they can interact
with them self. Physicists try to find a ’Theory of everything’ which would include
all four fundamental interactions. Furthermore the Standard Model is a gauge theory
of the electroweak and strong interaction since one can describe the interaction of
matter fields by abstract gauge symmetries. The symmetry of the Standard Model is
SU(3)×SU(2)×U(1). During recent years high energy experiments have confirmed
the Standard Model in many ways. For example, the top quark was theoretically
predicted in 1977 but it took 18 years to produce and detect it in an experiment.
Even though the experiments verify the Standard Model, it is obviously not a com-
plete theory of fundamental particles and interactions since several questions remain
unanswered. One of these question is for example why are W± and Z bosons so
heavy and why are photons massless? Naturally, all fermions and gauge bosons have
no mass at all in the Standard Model. The Higgs mechanism is an attempt to answer
this question.
In 1964 Peter Higgs invented a formalism, originally in the field of condensed
matter physics, in which massless particles are given a mass by interacting with
a background field, the Higgs field. Later the formalism was applied to particle
physics, especially to the Standard Model, to explain why fermions and some gauge
bosons get a mass and photons do not. Within this theory it is very interesting that
mass is not regarded as an intrinsic property of particles, like charge or spin, but
acquired by the Yukawa-interaction with the Higgs field [2]. The Higgs particle is
the only remaining degree of freedom in the Standard Model which has not yet been
detected. Mathematical descriptions of the Standard Model require massless fermions
3
and gauge bosons but measurements showed that neither fermions nor gauge bosons
of weak interaction are massless. The Higgs mechanism tries to explain why the
photon, does not have mass and other bosons, such as W and Z, and fermions do. To
solve the problem for massive particles in the Standard Model and not to violate the
gauge covariance, one uses spontaneous symmetry breaking (SSB). For that theory
one introduces a background field which interacts with all other fields, even with
itself. In that way fermions and some gauge bosons get masses. The potential of the
Higgs field is comparable to the shape of a Mexican hat: in the middle of the hat is
a maximum with a completely symmetric state, but the slightest perturbation will
lead to a so called Spontaneous Symmetry Breaking since in the lowest energy state
the symmetry is broken.
4
CHAPTER 1
BASICS
In the first Chapter the idea of Spontaneous Symmetry Breaking will be introduced
and basics aspects discussed. At the beginning simple models are presented but more
complex cases will be developed to obtain a general view. In the second part of this
Chapter gauge symmetry is motivated and constructed using covariant derivatives.
At the end of the chapter a simplified Higgs model will be studied.
1.1 Spontaneous Symmetry Breaking
1.1.1 φ4-Theory
In Physics, symmetries are very important, since the Noether Theorem states that
any differential symmetry of a system corresponds to a conserved quantity. Sponta-
neous symmetry breaking (SSB) occurs when the ground state has fewer symmetries
than the corresponding equations of motion. When a system with a symmetry with
respect to a symmetry group goes into a vacuum state which is not symmetric, then
the symmetry is spontaneously broken and the expectation value of the vacuum state
is not zero any more. As an example one can consider ferromagnetic material. At
high temperatures the directions of the spins are absolutely random and there is no
magnetization. When the temperature is decreased and gets lower than the Curie
Temperature, there will occur spontaneously a magnetization in one specific direc-
tion. Hence the former rotational symmetry is broken.
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The simplest example of SSB is the φ4 Theory. Let φ be a single hermitian field
without spin. Then the Lagrangian is
L = 1
2
(∂µφ)
2 − 1
2
m2φ2 − 1
4
λφ4. (1.1)
The kinetic energy is Ekin =
1
2
(∂µφ)
2 and the potential is V (φ) = 1
2
m2φ2 + 1
4
λφ4.
Thus the Lagrangian yields: L = Ekin − V (φ) with the positive coupling constant
λ > 0. Furthermore the Lagrangian has the discrete symmetry V (φ) = V (−φ).
To find the vacuum expectation value, one has to minimize the potential
∂V
∂φ
= 0 −→ φ(m2 + λφ2) = 0 (1.2)
which can be solved for Φ giving:
⇒ 〈φ〉0 =

0 for m2 > 0
±
√
−m2
λ
for m2 < 0.
(1.3)
As shown in Equation (1.3) there are two results for the vacuum expectation value
a trivial one for m2 > 0 and a non trivial one for m2 < 0. The potential is depicted
in Figure 1.1 with one minimum for the trivial case and with two minima for the
non trivial case. For the following discussion it is not necessary to consider the
two non trivial solutions as distinct solutions thus the positive solution is chosen for
convenience. The trivial case it not interesting hence the focus is on the m2 < 0 case.
Redefining the field via the transformation φ → φ˜ = φ − v with v =
√
−m2
λ
gives a
new Lagrangian:
L = 1
2
[∂µ(φ˜+ v)]
2 − 1
2
(−λv2)(φ˜+ v)2 − 1
4
λ(φ˜+ v)4 (1.4)
∂µv=0−→ L =
[
1
2
(∂µφ˜)
2 − 1
2
(−2m2)φ˜2 − 1
4
λφ˜4
]
− λvφ˜3 + 1
4
λv4. (1.5)
6
Figure 1.1. φ4-Theory potential for m2 > 0 and m2 < 0 [3].
Here one can see that the first part of the Lagrangian is equivalent to the original
Lagrangian but with a new mass m′ =
√
−2m2. The expectation value for the vacuum
is now zero, so the vacuum is ’real’. The last term in the Lagrangian is a constant and
hence not relevant for the current considerations. The term before the last contains a
φ˜3 term which reflects the SSB since V (φ˜) is not symmetric any more for a φ˜→ −φ˜
transformation.
1.1.2 Goldstone’s Theorem
When SSB occurs, one can observe another very interesting phenomenon: the
appearance of massless scalar bosons. This happens when a continuous symmetry is
spontaneously broken and the vacuum has fewer symmetries than the original state
[4]. Later, these scalar bosons will be associated with the generators of the group of
the broken symmetry. To study this phenomena a Lagrangian with two fields σ and
pi is considered
L = 1
2
(∂µσ)
2 +
1
2
(∂µpi)
2 − 1
2
m2(σ2 + pi2)− 1
4
λ(σ2 + pi2)2. (1.6)
The Lagrangian has two separate kinetic energy terms for both fields and the potential
V (σ, pi) = 1
2
m2(σ2 +pi2) + 1
4
λ(σ2 +pi2)2. Contrary to the previous Section, L now has
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Figure 1.2. Potential V (σ, pi) for m2 > 0 and for m2 < 0 [5].
both a discrete symmetry (σ, pi) → −(σ, pi) and an additional continuous symmetry
(σ, pi) → O(σ, pi) whereas O =
cosα − sinα
sinα cosα
 ∈ SO(2). As before to obtain the
vacuum expectation value one has to minimize the potential yielding
∂V
∂pi
= 0 and
∂V
∂σ
= 0 (1.7)
→ pi[m2 + λ(σ2 + pi2)] = 0 and σ[m2 + λ(σ2 + pi2)] = 0. (1.8)
As in Chapter 1.1.1, there are the two solutions m2 > 0 and m2 < 0 shown in
Figure 1.2. The trivial case has only one minimum whereas the nontrivial case has
an infinity number of minima lying in a circle with a radius of v =
√
−m2
λ
. For
m2 > 0 the expectation values are trivial 〈σ0〉0 = 0 and 〈pi0〉0 = 0 and give no new
information. For m2 < 0 the expectation values are nontrivial 〈σ2+pi2〉0 = −m2λ which
leads to an infinity of choices for σ and pi and hence the arbitrary choices 〈pi〉0 = 0
and 〈σ〉0 =
√
−m2
λ
can be taken. The transformations pi → pi and σ → σ˜ − v with
v =
√
−m2
λ
reveals interesting results. The new Lagrangian becomes
L = 1
2
(∂µσ˜)
2 +
1
2
(∂µpi)
2 − 1
2
m2σ˜ σ˜
2 − λ [1
4
(σ˜2 + pi2)2 + v σ˜3 + v σ˜ pi2] +
1
4
λ v4. (1.9)
This looks familiar to the φ4 theory. The first two terms in the Lagrangian denote the
kinetic energy of σ˜ and pi respectively and the σ˜ field gets a new mass, mσ˜ =
√
−2m2.
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Remarkable is that the pi-field has no mass term and hence its massless. The λ term
describes a new interaction whereas the first part of the interaction stays the same
and the other two terms reflects the SSB. Again the last term is just a constant in
the Lagrangian.
The σ-pi Model is an example when a continuous symmetry is broken sponta-
neously. The most important result is that the pi-field produces a massless scalar
boson called (Nambu-)Goldstone-boson. In general Goldstone’s Theorem predicts
massless scalars, the so called Nambu-Goldstone-bosons when a continuous symmetry
is spontaneously broken. Unfortunately this can be a big problem since the produced
scalar bosons have hardly been observed in experiments. Contrary to heavy particles,
which are difficult to produce in particle colliders since high energy thresholds might
be necessary, massless particles should be easy to produce and should appear at least
as missing energy or momentum. Now the question is, what happens to the massless
scalar bosons which seem physically unfavorable.
1.1.3 SO(n) Model
Before that question can be answered some more generalized statements about
Lagrangian with a general SO(n) symmetry have to be considered. Therefore the
general extended Lagrangian
L = 1
2
(∂µφi∂
µφi)− 1
2
m2φiφi − 1
4
(φiφi)
2 (1.10)
is chosen using the standard Einstein’s summation convention. As before, the La-
grangian has a kinetic energy term and a potential energy term, so that L = Ekin −
V (φ) yields. By minimizing the potential energy one obtains the vacuum expectation
value. The solution has two distinct cases: first m2 > 0 for which yields 〈φiφi〉0 = 0
and finally leads to the trivial solution 〈φi〉0 = 0 for i = 1, ..., n. Second m2 < 0
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with a nontrivial vacuum expectation value 〈φiφi〉0 = −m2λ ≡ v2 > 0. Again, the
number of choices for that case are infinite and hence one can make the arbitrary
choice 〈φn〉0 =
√
−m2
λ
= v and set the vacuum expectation value to
〈φn〉0 =

0
...
v
 . (1.11)
The Lagrangian’s symmetry is given by
φiφi → OijφjOikφk = φjφj (1.12)
and thus OijOik = δjk and (O
T )jiOik = δjk is demanded. Since O
TO = 1 (1 denotes
the n× n unit matrix) Φ is invariant under these transformations and L has a O(n)
(orthogonal) symmetry. Furthermore we allow matrices with just det O = +1 (’S’
stands for special). These two restrictions combined give an SO(n) symmetry.
In the previous section it was noted that the SSB of a continuous symmetry
leads to Goldstone bosons, but how many Goldstone bosons occur when a continuous
SO(n) symmetry is spontaneously broken? As indicated before, the answer is given
by group theory. The number of Goldstone bosons correspond to the generators of
the spontaneously broken internal symmetry. In general one gets:
Old vacuum had SO(n) symmetry → # generators: = n(n− 1)
2
New vacuum has SO(n− 1) symmetry → # generators: = (n− 1)(n− 2)
2
.
The difference of the generators before and after the SSB will give the number of
Goldstone bosons. In other words, the number of lost symmetries is equal to the
number of appearing Goldstone bosons ⇒ n− 1 = # Goldstone bosons.
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1.1.4 Simple Higgs Model 1
The Higgs effect is an interesting mechanism which can explain how some gauge
bosons and fermions get masses in the SM. For the complete Higgs mechanism more
basics are needed, but a simplified model can be considered already now. The La-
grangian is
L = (∂µΦ)†(∂µΦ)−m2Φ†Φ− λ(Φ†Φ)2. (1.13)
with Φ a complex doublet Φ =
 ϕ+
ϕ0
 and Φ† = ( ϕ+† , ϕ0† ) 6= Φ consisting of
four real hermitian fields χi ∈ R i = 0, 1, 2, 3
Φ =
1√
2
 χ1 + iχ2
χ0 + iχ3
 and Φ† = 1√
2
(
χ1 − iχ2 , χ0 − iχ3
)
. (1.14)
Minimizing the potential
∂V (Φ)
∂Φ†
= Φ(m2 − 2λΦ†Φ) = 0 (1.15)
and
∂V (Φ)
∂Φ
= Φ†(m2 − 2λΦ†Φ) = 0 (1.16)
give as expected two solutions: first m2 > 0 the vacuum expectation value 〈Φ†Φ〉0 = 0
is trivial i.e. 〈χn〉0 = 0 for n = 0, 1, 2, 3 and second for m2 < 0 the vacuum expectation
value is nontrivial 〈Φ†Φ〉0 = −m
2
2λ
≡ v2
2
. The infinite number of choices allows one to
make the arbitrary choice 〈χ0〉0 = v
2
2
and 〈χi〉0 = 0, with i = 1, 2, 3. As before, in the
following the m2 < 0 case is studied.
It is convenient to define
χ0 =
1√
2
(H0 + v) with 〈H0〉0 = 0 (1.17)
→ Φ = 1√
2
 ϕ+
ϕ−
 = 1√
2
 χ1 + iχ2
H0 + iχ3 + v
 (1.18)
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where H0 is called the physical Higgs. A contact transformation (~χ,H0)→ (~ξ,H0) is
performed
Φ = U−1(~ξ)
 0
1√
2
(H0 + v)
 (1.19)
with U−1 = e−i
~ξ·~τ
v and the Pauli matrices ~τ . When the exponential function for the
transformed Φ is expanded the former expression for Φ will reappear. This contact
transformation changes the Lagrangian and, to keep track of the influences on the
Lagrangian, the kinetic and potential part are studied separately. The kinetic part
contains the derivative term
∂µΦ =
1√
2
∂µe
−i ~ξ·~τ
v
 0
1√
2
(H0 + v)
+ 1√
2
e−i
~ξ·~τ
v
 0
1√
2
∂µH0
 (1.20)
which reveals no new information. The Φ†Φ term is needed to see the modifications
of the potential
Φ†Φ =
1√
2
(
0 , v +H0
)
e−i
~ξ·~τ
v · e−i ~ξ·~τv 1√
2
 0
H0 + v
 (1.21)
=
1
2
(v +H0)
2 (1.22)
→ V (Φ) = λv2H20 + λvH30 +
1
4
λH40 −
1
4
λv4 (1.23)
This again looks familiar. The kinetic energy term is not relevant, but the changes
in the potential. The physical Higgs field, H0, gets a new mass mH0 =
√
2λv and the
~ξ fields have no mass terms (mξ = 0) since they do not occur in the potential. As
expected, the result yields three Goldstone bosons.
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1.2 Gauge Symmetry
To motivate the introduction of gauge symmetry the Lagrangian of a free spin 1
2
field is studied and as a result L is invariant under a global U(1) symmetry but not
under a local U(1) symmetry. To obtain a Lagrangian which is also invariant under
a local symmetry transformation, one has to introduce a new kind of derivative.
The Lagrangian for the free massless Dirac field is considered
L = u¯ i /∂ u with /∂ = γµ∂µ. (1.24)
Under a global U(1) symmetry transformation, u → u′ = e−iαu with α = const, the
Lagrangian L → L′ = L remains the same. This means it is invariant under a global
U(1) symmetry. For a local U(1) symmetry, the transformation it still u→ u′ = e−iαu
but now with α = α(x) locally depended. The transformed Lagrangian is
L → L′ = u¯ eiα(x) γµ ∂µ e−iα(x) u = −i ∂µα(x) u¯ γµ u 6= L. (1.25)
This is a really bad result since it means that the transformed Lagrangian is not in-
variant under a local U(1) symmetry. The concept of a ’local phase invariance’ does
not seem to work.
To solve this problem the covariant derivative has be introduced
Dµu ≡ (∂µ + ifAµ)u. (1.26)
with a gauge field Aµ and a coupling f . With this derivative one can make the gauge
transformation
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u→ u′ = U(α) u (1.27)
Dµu→ (Dµu)′ = U(α)Dµu (1.28)
Aµ → A′µ = Aµ +
i
f
∂µU(α)U
−1(α) (1.29)
These definitions respect the required behavior for the derivative (Dµu)
′ → U(α)Dµu
(Dµu)
′ = [∂µ + if(Aµ − i
f
∂µU(α)U
−1(α) )]U(α)u (1.30)
= U(α)[∂µ + U
−1(α)∂µU(α)− ifAµ − U−1(α)∂µU(α)]u (1.31)
= U(α)[∂µ + ifAµ] (1.32)
= U(α)Dµu. (1.33)
In the end L → L′ = L so L is invariant under the gauge transformation. By
introducing the covariant derivative the Lagrangian is made invariant under a local
U(1) symmetry.
1.2.1 Field Strength Tensor
The field strength tensor is a physical object which describes the electromagnetic
field as a field in space time. In a proper mathematical understanding, the field
strength tensor is a tensor field, which means the tensor varies in each individual
point.
To obtain the field strength tensor the commutator
[Dµ, Dν ]u = [(∂µ + ifAµ)(∂ν + ifAν)− (∂ν + ifAν)(∂µ + ifAµ)]u (1.34)
= if [∂µAν − ∂νAµ]u (1.35)
≡ ifFµνu (1.36)
is determined with the coupling constant f . The field strength tensor has some
nice properties; first it is antisymmetric F µν = −F νµ and second the trace vanishes
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F µµ = 0. Both can be verified easily. As one can see this definition of the field
strength tensor is also invariant under the previous introduced gauge transformation
Fµν → F ′µν = Fµν , but is not true for nonabelian gauge symmetries. Combined with
the Lagrangian above a gauge invariant Lagrangian is obtained
L = −1
4
FµνF
µν + u¯(i /D −m)u. (1.37)
1.2.2 Simple Higgs Model 2
In Section 1.1.4 a simple Higgs Model with a simplified Lagrangian Equation
(1.13) was discussed considering a complex doublet ϕ+ and ϕ0 (i.e. four hermitian
fields)
Φ =
 ϕ+
ϕ0
 . (1.38)
In the last Section 1.2 was shown that this Lagrangian is not invariant under a local
U(1) gauge symmetry. To get an invariant Lagrangian under gauge transformation
the derivatives have to be replaced by covariant derivatives Dµϕ = (∂µ + ieAµ)ϕ and
implement the gauge transformations
ϕ→ ϕ′ = Uϕ (Dµϕ)→ (Dµϕ)′ = U(Dµϕ) (1.39)
Aµ → A′µ = Aµ −
i
e
∂µUU
−1 U(α) = e−iα(x) (1.40)
Analogous to the previous discussions, the potential energy must be minimized. As
before, this results in two cases:
1. m2 > 0: gives an ordinary electrodynamic charged scalar field with 〈φ〉0 = 0.
2. m2 < 0: Higgs Effect with V (φ) = m2|φ|2 + λ|φ|4 and a vacuum expectation
value 〈φ〉0 =
v√
2
with v ≡
√
−m2
λ
.
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After performing a contact transformation one gets
φ(x) = e−i
ξ(x)
v
1√
2
(
η(x) + v
)
with 〈ξ〉0 = 0 and 〈η〉0 = 0. (1.41)
So far nothing is a new result, but to dig a little deeper, one has to take a look at the
degrees of freedom (DoF) of the system before and after the contact transformation
Nϕ = 2 NAµ = 2 Ntotal = 4
Nξ = 1 Nη = 1 NAµ = 2 Ntotal = 4
Note that the total number of DoF before and after the transformation are the same.
The contact transformation has simplified the potential
L = −1
4
F µνFµν+
∣∣∣(∂µ−ieAµ) e−i ξ(x)v 1√
2
(
η(x) + v
)
︸ ︷︷ ︸
ϕ(x)
∣∣∣2−m2
2
(v+η)2+
λ
4
(v+η)4 (1.42)
but has not changed the number of DoF. Now one can perform a gauge transformation
to simplify the kinetic part |Dµϕ|2 with U = e−i ξ(x)v , ϕ′ = Uϕ = 1√
2
(
η(x) + v
)
and
A′µ = Aµ +
i
e
∂µUU
−1 = Aµ − ∂µ ξ
ev
. After some simplifications the final result is
L = −1
4
F µνFµν +
∣∣∣(∂µ − ieA′µ)ϕ′∣∣∣2 − m22 ϕ′2 − λ4ϕ′4. (1.43)
As above a look at the number of DoF yields:
Nξ = 0 Nη = 1 NAµ = 3 Ntotal = 4
As expected, there are the same number of DoF as before which means the DoF are
not lost but rearranged. Another interesting fact is that there are no ξ-fields in the
Lagrangian any more. That is to say, no Goldstone bosons any more! It is said that
the Goldstone bosons are eaten by the Higgs mechanism. Furthermore massive gauge
bosons do appear
∣∣ie A′µ v√
2
∣∣2 = e2v2
2
A′µ A
′µ with a mass MAµ = ev.
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CHAPTER 2
STANDARD MODEL
In this section the Weinberg-Salam-Model is studied, an interesting model which
uses gauge symmetry. The Standard Model (SM) has an SU(3) × SU(2) × U(1)
symmetry, representing the SU(3) symmetry of the strong interaction via color charge,
the SU(2) of weak Isospin and the U(1) of weak Hypercharge. The abelian gauge
symmetry was discussed in the previous Chapter and the nonabelian gauge symmetry
[6] shall be briefly summarized now. There are several matter fields ui(x), i = 1, ..., r
not only one, which are a basis for the nonabelian gauge group G. These matter
fields can be both fermionic or bosonic of arbitrary spin. The gauge transformation
becomes
u′ = U(~α)u (2.1)
with the r× r matrix U(~α) = e−i~αa(x)·Ga and the Ga are the generators of the group
G respecting the Lie algebra
[Ga, Gb] = icabcGc with a, b, c = 1, ..., n (2.2)
with cabc the structure constants of the algebra. The dimension of the Lie algebra
is n, which leads to n group generators and n gauge field Aµa(x), a = 1, ..., n. The
covariant derivatives is constructed as
(Dµu)i = (δij∂µ + igA
µ
aG
a
ij)uj (2.3)
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with g being a coupling constant and i, j = 1, ..., r. The covariant derivative trans-
forms via (Dµu)
′
i → Uij(~α)(Dµu)j. The field strength tensor can be calculated from
the commutator of the covariant derivatives
[Dµ, Dν ]
aua ≡ ig F aµνua = ig[∂µAaν − ∂νAaµ − gcabcAbµAcν︸ ︷︷ ︸
Faµν
]ua. (2.4)
As already mentioned, this field strength tensor is not invariant under gauge transfor-
mation since the transformation is (Fµν)
i ′ → Uij(~α)F iµνUji(~α) 6= F iµν . With all this,
the gauge invariant Lagrangian becomes
L = −1
4
F aµνF
µν
a + u¯(i /Dµ −m)u. (2.5)
The SM consists of abelian and nonabelian symmetries and hence both are needed
to understand the theory. In the electroweak section a mixed case will appear.
2.1 Weinberg-Salam-Glashow Model
As mentioned above, the SM has an SU(3)×SU(2)×U(1) gauge symmetry. Since
the strong interaction is not affecting the considerations the focus is on the electroweak
sector SU(2) × U(1) first studied by Weinberg, Salam and Glashow [7, 8, 9]. The
gauge field of the abelian U(1) symmetry is a scalar B boson and the gauge fields of
the nonabelian SU(2) symmetry is the vector ~W with entries W1, W2 and W3, but it is
more convenient to use W± = W1∓iW2 in addition to the neutral W3. The Weinberg-
Salam (WS) Lagrangian consists of three parts which will be studied separately first a
fermion Lagrangian, second a gauge boson Lagrangian and finally a Higgs Lagrangian,
LWS = LF + LG + LH . (2.6)
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First the Fermion Lagrangian is studied
LF = Ψ¯Li /DΨL︸ ︷︷ ︸
weak Isodoublet
+ Ψ¯Ri /DΨR︸ ︷︷ ︸
weak Isosinglet
. (2.7)
The subscripts L, R stands for left- and right-handed respectively and represent an-
other invariant. Massless fermions have an additional chiral symmetry. When the
spin of a fermion is pointing in the same direction as the momentum of the particle,
one talks about right-handed fermions, when the spin is pointing in opposite direction
to the motion, one calls that left-handed fermions. For massless fermions which are
traveling with the speed of light, that is a Lorentz invariant; but only for massless
fermions. Since the fermions in the SM have no mass term in the Lagrangian they
are massless and chirality is an additional symmetry. A left-handed field in the La-
grangian is a weak Isodoublet and carries weak Hypercharge Yw, weak Isospin Iw and
the third component of the weak Isospin Iw3. In comparison a right-handed field is a
weak Isosinglet and carries only weak Hypercharge Yw. Right-handed fermions never
carry any weak Isospin. The weak Hypercharge can be calculated from the third
component of the Isospin Iw3 and the electrical charge Q of a particle
Yw = 2(Q− Iw3). (2.8)
Listed below are chiral fermions for one generation
Quarks: qL =
 u
d

L
, uR, dR (2.9)
Leptons: lL =
 νe
e

L
, eR. (2.10)
Please note that there are no right-handed electron neutrinos. This assumption is
based on the fact that neutrinos are assumed to be massless. This was commonly
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accepted since they interact only via the weak interaction. Hence it was believed
that neutrinos are massless and there would only exist left-handed neutrinos and
right-handed antineutrinos. With the discovery of neutrino oscillations, it is now
understood that neutrinos do have a very light mass. However, for the current con-
siderations, neutrinos are assumed to be massless.
In Table 2.1 electrical charge Q, weak Isospin Iw, third component of weak Isospin
Iw3 and weak Hypercharge Yw are summarized for some fermions. To respect gauge
symmetry, covariant derivatives have to be introduced considering that right-handed
fermions carry only weak Hypercharge Yw whereas left-handed fermions carry weak
Hypercharge Yw as well as weak Isospin Iw
DµΨR = (∂µ + i
g1
2
YwBµ)ΨR (2.11a)
DµΨL = [(∂µ + i
g1
2
YwBµ)1 + i
g2
2
~τ · ~Wµ]ΨL. (2.11b)
So far the theory would be a good description of nature, but experiments have proved
masses for fermions and hence the theory has to be modified. That is the reason to
introduce a Higgs part.
Particle Q Iw Iw3 Yw
uL
2
3
1
2
1
2
1
3
dL -
1
3
1
2
-1
2
1
3
uR
2
3
0 0 4
3
dR -
1
3
0 0 -2
3
νe 0
1
2
1
2
-1
eL -1
1
2
-1
2
-1
eR -1 0 0 -2
Table 2.1. Weak Isospin and weak Hypercharge for some Fermions.
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The Higgs Lagrangian
LH = LHF + LHG (2.12)
consists of two parts, a fermion and a gauge part. The potential is part of the gauge
part and describes the self interactions of the Higgs field. It has to be studied first to
understand the mechanism by which fermions get their masses. As in Chapter 1.2.2
the same Lagrangian with the same weak Isodoublet will be used
LHG = (DµΦ)†(DµΦ)− V (Φ). (2.13)
As one can see in Table 2.2, both ϕ+ and ϕ0 carry weak Isospin and weak Hyper-
charge and hence the covariant derivative which includes both parts is required. Thus
Equation (2.11b) is needed. As before, the symmetry will be broken spontaneously
and hence the potential V (Φ) = −µ2Φ†Φ+λ(Φ†Φ)2 has to be minimized. This poten-
tial remains an unsolved problem since physicists lack any deeper understanding of
it. Two examples where SSB gives good explanations for interesting phenomena are
superconductivity and ferromagnetism. In both cases the potential is well motivated.
In the present case there remain open questions such as where does the potential
comes from and what its deeper meaning is? Nevertheless, the theoretical predictions
seem acceptable and hence it will be continued using this potential.
When the symmetry is broken spontaneously the occurring vacuum expectation
value is 〈Φ†Φ〉0 = v
2
2
with v =
√
µ2
λ
. Performing a contact transformation afterwards
Particle Q Iw Iw3 Yw
ϕ+
3
4
1
2
1
2
1
ϕ0 0
1
2
-1
2
1
Table 2.2. Weak Isospin and weak Hypercharge for ϕ+ and ϕ0.
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yields a vacuum expectation value of 〈Φ〉0 =
 0
v√
2
. This result is exactly expected
from the previous considerations. In the following part this result is used to show
how fermions finally get masses in the SM.
As a short reminder, the Lagrangian for the fermion mass is
Lgeneral FM = mu u¯ u+md d¯ d+me e¯ e. (2.14)
The general Higgs Lagrangian for fermions is given by
LHF = −fu q¯LΦ˜uR − fd q¯LΦdR − fe l¯LΦeR + h.c. (2.15)
with fα coupling constants and Φ˜ = i ~τ2Φ
∗. The Higgs Lagrangian for fermions
describes the coupling between the fermions and the Higgs field. Inserting the vacuum
expectation value, obtained from SSB of the potential, in this Lagrangian gives a
result which looks pretty similar to the general fermion mass Lagrangian
LFM = − v√
2
(fu u¯u+ fd d¯d+ fe e¯e). (2.16)
Comparing the pre-factors of the two Lagrangian gives
mα =
v√
2
fα with α = u, d, e. (2.17)
This is an astonishing result. By including a Higgs part in the Lagrangian the ini-
tially massless fermions do get masses in the SM. In the next chapter some values for
several fermion coupling constants will be calculated, but before the remaining parts
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in the Weinberg-Salam Lagrangian have to be discussed.
Next the Gauge Lagrangian is
LG = − 1
4
BµνB
µν︸ ︷︷ ︸
U(1)
− 1
4
F aµνF
µν
a︸ ︷︷ ︸
SU(2)
(2.18)
with a = 1, 2, 3. This part is not necessary for the Higgs effect, but is needed to de-
scribe nature; more precisely, this describes freely propagating gauge fields. The first
term is U(1) symmetry to the weak Hypercharge, the second term is a nonabelian
SU(2) symmetry to the weak Isospin. The Higgs part requires a covariant derivative
which respects both weak Hypercharge and Isospin
DµΦ = [(∂µ + i
g1
2
YwBµ)1 + i
g2
2
~τ · ~Wµ]Φ. (2.19)
The gauge part of the Higgs Lagrangian is essential for some gauge bosons to
acquire mass
LHG = (DµΦ)†(DµΦ)− V (Φ)︸ ︷︷ ︸
SSB
. (2.20)
In the fermion case, the fermions became masses by interacting with the Higgs field.
What will happen with the gauge fields? The potential LHG has already been studied
and the vacuum expectation value 〈Φ〉0 =
 0
v√
2
 of SSB displayed. To see what
happens with the mass of the gauge fields the covariant derivative (since only the
mass is important, the partial derivative term can be neglected) and the vacuum
expectation value are inserted giving
LGM = 1
2
(v g2
2
)2
W+µ W
µ
−
+
1
2
(v
2
)2 (
W 3µ Bµ
) g22 −g1g2
−g1g2 g21

 W µ3
Bµ
 . (2.21)
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The mass MW =
v g2
2
can be read off directly from the first term. Since τ3 is used in
the last term, the effect of mixingW 3µ and Bµ appears. In the next step, the matrix has
to be diagonalized to obtain the eigenvalues and the associated eigenvectors (Aµ, Zµ).
The eigenvalues can be expresses in terms of the Weinberg angle cos θW =
MW
MZ
. One
gets
λ1 = g
2
1 + g
2
2
Zµ =
1√
g21 + g
2
2
(g2W
3
µ − g1Bµ)
= cW W
3
µ − sW Bµ
θW→0−→ W 3µ
λ2 = 0 (2.22)
Aµ =
1√
g21 + g
2
2
(g1W
3
µ + g2Bµ) (2.23)
= sW W
3
µ + cW Bµ (2.24)
θW→0−→ Bµ
with cW ≡ cos θW and sW ≡ θW and
sW =
g1√
g21 + g
2
2
(2.25a)
cW =
g2√
g21 + g
2
2
. (2.25b)
This is an exciting result, since new particles have been created by mixing W 3µ and
Bµ. The new particles are a photon and a socalled Z boson. The photon mass is zero
(MAµ = 0), since it does not show up in the Lagrangian whereas the mass of the Z
boson is MZ =
v
2
√
g21 + g
2
2.
This chapter was very significant and hence the results shall be summarized. The
electro-weak Lagrangian has been studied pretty well and several interesting results
were obtained. The complete Lagrangian
LWS = LF + LG + LHF + LHG︸ ︷︷ ︸
LH
. (2.26)
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has been studied in small sub sections. At the beginning, the fermions were massless in
the SM but by introducing the Higgs mechanism the fermions obtained masses. After
SSB the fermions interacted with the Higgs field, giving them masses. Furthermore
W aµ with a = 1, 2, 3 and Bµ were the gauge bosons in the SM before SSM and
afterwards the W 3µ and Bµ have been mixed together and yielded into new particles,
photon and Z boson. Here the three would-be Goldstone bosons, arising from the
two neutral and one charged component of the Higgs doublet, are associated with
the longitudinally polarized components of the W and the Z boson. This is the
statement of the equivalence theorem [10, 11, 12, 13]. The second component of the
charged Higgs doublet becomes massive and yields into the physical Higgs boson.
In addition to that, explicit formulas for the fermion masses, for the mass of the W -
boson and for the Z-boson have been found and are listed in Table 2.3. All masses are
dependent of the vacuum expectation value v =
√
µ2
λ
and various coupling constants.
The value for Higgs condensate v can not be calculated from theory but must be
measured experimentally, as will be done at the end of this Chapter.
Lastly, some considerations what might happen if Photons and neutrinos, pre-
dicted massless in the SM, do had masses? The photon is believed to be massless,
but existing experiments are studying this very issue. If the photon has mass it would
not travel exactly at the speed of light but a little slower. Relativity would not be
influenced by it, since the actual speed of light c would be redefined as the maximum
Particle Mass
Fermion α Mα =
v√
2
fα
Z-boson MZ =
v
2
√
g21 + g
2
2
W-boson MW =
v
2
g2
Table 2.3. Particle masses after SSB and Higgs effect in the Weinberg-Salam Model.
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constant velocity an object could theoretically move with. If the Higgs effect were
responsible for generating the mass, the upper limit would be mγ < 10
−14 eV from a
null result experiment based on Coulomb’s law. The upper limit set by the particle
data group (PDG) is mγ < 10
−18 eV. Neutrinos are also predicted to be massless, but
in 1998 experiments (such as Super-Kamiokande and Sudbury Neutrino Observatory)
[14] observed that some electron neutrinos produced in the sun had converted them-
selves into τ neutrinos which could not have been detected by these experiments.
This effect is called neutrino oscillation and implies that neutrinos do have a very
small mass. Now physicists have to find out, how neutrinos get masses and why it is
so small. There are two theories of extending the SM model to explain that effect.
First by including new particles, called Dirac particles and second by including a new
type of particles called Majorana neutrinos.
Not all particles get mass by the Higgs mechanism, just fermions and some gauge
bosons. Terrestrial things for example, consist mostly of protons and neutrons, so
our mass is given by the corresponding proton and neutron masses Mp,n. Protons are
made up of two up quarks and one down quark whereas the neutron is made up of
one up quark and two down quarks. Hence the most important source for our mass
are the u- and d quark masses. How the nucleon masses are generated is explained
by complex interactions between gluons and quarks within the theory of quantum
chromodynamics (QCD). However, recent calculations have shown that, even if the
masses of the up and down quark vanish (mu,d = 0), the nucleon mass would hardly
change, an effect which is called ’mass without mass’ [15]. At LHC physicists will try
to find answers about where the mass of the up and down quark originate from and
whether the Higgs mechanism is responsible for generating the nucleon mass as well.
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2.2 Electroweak Currents
This is a very mathematical section about deriving the electroweak currents which
are divided into charged and neutral currents. As before there are charged fields
fL =
 f1
f2

L
, f1R, f2R and the fermion Lagrangian L = f¯L i /DfL +
2∑
k=1
f¯kR i /DfkR.
For deducing the interactions the covariant derivatives are needed. As discussed above
Equations (2.11a), (2.11b) show there are two covariant derivatives for right and left
handed fermions respectively. For the interaction part of the Lagrangian the term
involving derivatives can be ignored. With (2.8) the dot product term for left-handed
fermions becomes:
~τ
2
· ~Wµ = 1
2
 Wµ3 Wµ1 − iWµ2
Wµ1 + iWµ2 −Wµ3
 = 1
2
 Wµ3 √2Wµ+√
2Wµ− −Wµ3
 . (2.27)
Inserting that result back into the interaction Lagrangian gives
Lint =
(f¯1 f¯2)L
 −g1 /B(Q− Iw3)− g2 /W 3Iw3 − g2√2 /W+
− g2√
2
/W− −g1 /B(Q− Iw3)− g2 /W 3Iw3

 f1
f2

L
− g1
∑
k
f¯kR /B Q fkR (2.28)
with Iw3 fkR = 0. From Equation (2.28) the charged and neutral part of the La-
grangian can be read out directly. The charged part is
Lchint = −f¯1L
g2√
2
/W+f2L − f¯2L
g2√
2
/W−f1L (2.29)
= − g2√
2
f¯1γ
µ (1 + γ5)
2
f2︸ ︷︷ ︸
Jµch
Wµ+ + h.c. (2.30)
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with fL,R ≡ (1± γ5)
2
f . This yields the final charged Lagrangian
Lch = − g2√
2
(Wµ+J
µ
ch + h.c.) (2.31)
with the charged current
Jµch = f¯1γ
µ (1 + γ5)
2
f2. (2.32)
Equation (2.31), shows that the gauge bosons W± couple to the charged current. For
the neutral part of the Lagrangian in Equation (2.28) one gets
Lnint = f¯1L(−g1 /B(Q− Iw3)− g2 /W 3Iw3)f1L
+f¯2L(−g1 /B(Q− Iw3)− g2 /W 3Iw3)f2L
−g1 f¯1R /BQ f1R − g1 f¯2R /BQ f2R . (2.33)
From the matrix analysis above one knows Bµ = (g
2
1 + g
2
2)
1
2 (g2Aµ− g1Zµ) and Wµ3 =
(g21 + g
2
2)
1
2 (g2Aµ + g1Zµ). Substitution in the previous equation gives
Lnint = (g21 + g22)−
1
2
2∑
k=1
f¯kL(−g1g2 /A Q+ /Z(g21(Q− Iw3)− g22Iw3))fkL
− (g21 + g22)−
1
2
2∑
k=1
f¯kR(g2 /A− g1 /Z)QfkR . (2.34)
Now one can read out the electromagnetic part of the Lagrangian from Equation
(2.34)
Lem = − g1g2√
g21 + g
2
2
Aµ
2∑
k=1
(f¯kL γ
µQ fkL + f¯kR γ
µQ fkR). (2.35)
Which can be more compactly written as
Lem = −g1 cWAµJµem (2.36)
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using Equations (2.25a) and (2.25b). The electromagnetic current is given by
Jµem =
2∑
k=1
f¯kγ
µQfk. (2.37)
The electromagnetic part of the Lagrangian, Equation (2.36), shows that photons
couple to electromagnetic current and are the propagator of the electromagnetic in-
teractions. After simplifying the last remaining neutral weak part in the Lagrangian
yields
Lntl weak = g2
2cw
Zµ
2∑
k=1
f¯kγ
µ[(2s2wQ− Iw3)− Iw3γ5]fk. (2.38)
Compact writing gives
Lntl weak = g2
2cw
ZµJ
µ
nt (2.39)
with the neutral current
Jµnt =
2∑
k=1
f¯k(γ
µ(Iw3 − 2s2WQ) + γµγ5Iw3)fk. (2.40)
As before, Equation (2.39) shows that Z0 bosons couple to neutral currents.
2.3 Fermion Mixing
In the previous Section the Weinberg-Salam-Model was discussed with the Higgs
part of the Lagrangian LH = LHG + LHF . The detailed formulas were given in
Equations (2.13) and (2.15) respectively but are recalled here. The gauge part is
LHG = (DµΦ)†(DµΦ)− V (Φ). (2.41)
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with the covariant derivative
DµΨ = [(∂µ + i
g1
2
YwBµ)1 + i
g2
2
~τ · ~Wµ]ΨL (2.42)
remembering that the covariant derivative respects weak Isospin as well as weak
Hypercharge. There is also the Higgs self interaction
V (Φ) = −µ2Φ†Φ + λ(Φ†Φ)2. (2.43)
where µ2 and λ are positive, arbitrary constants. The Fermion part in the Higgs
Lagrangian is
LHF = −fu q¯LΦ˜uR − fd q¯LΦdR − fe l¯LΦeR + h.c. (2.44)
with arbitrary coupling constants fu, fd and fe. Neither the Higgs potential V (Φ)
nor the Fermion part LHF contains any gauge fields. In the previous discussion only
one generation of fermions was considered. In the following a general number of n
generations is considered, but experimental data favor a number of three generations.
The generalized Higgs Lagrangian for fermions becomes [16]
LHF = −fαβu q¯ ′L,αΦ˜u ′R,β − fαβd q¯ ′L,αΦd ′R,β − fαβe l¯ ′L,αΦe ′R,β + h.c. (2.45)
with α, β = 1, ..., n. The fermions become vectors now with
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~u ′ =
(
u′, c ′, t ′, ...
)
(2.46a)
~d ′ =
(
d′, s ′, b ′, ...
)
(2.46b)
~e ′ =
(
e′, µ ′, τ ′, ...
)
(2.46c)
~q ′ =

 u′
d′
 ,
 c′
s′
 ,
 t′
b′
 , ...
 (2.46d)
~l ′ =

 ν ′e
e′
 ,
 ν ′µ
µ′
 ,
 ν ′τ
τ ′
 , ...
 . (2.46e)
The primes denotes that the states generally are not mass eigenstates of the La-
grangian. The coupling constants fu, fd and fe are n × n matrices, generally not
diagonal. After SSB the expression for the fermion masses analogous to Equation
(2.17) is
m ′α =
v√
s
fα (2.47)
with α = u, d, e, .... In general these n × n matrices in the gauge basis are non
diagonal as well but can be made diagonal via a transformation into the mass basis.
The two basis states are related via n×n unitary matrices SαL,R (SαL,RSα†L,R = 1) with
α = u, d, e, ....
u ′L = S
u
LuL d
′
L = S
d
LdL e
′
L = S
e
LeL
u ′R = S
u
RuR d
′
R = S
d
RdR e
′
R = S
e
ReR
(2.48)
and the biunitary diagonalizations for the mass matrices
m ′u = S
u
LmuS
u†
R m
′
d = S
d
LmdS
d†
R m
′
e = S
e
LmeS
e†
R
(2.49)
so that the Lagrangian for the fermion mass becomes
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LFM =− (u¯ ′L m ′u u ′R + d¯ ′L m ′d d ′R + e¯ ′L m ′e e ′R + h.c) (2.50)
=− (u¯ ′LSuL Su†L m ′uSuR Su†R u ′R + d¯ ′LSdL Sd†L m ′dSdR Sd†R d ′R
+ e¯ ′LS
e
L S
e†
L m
′
eS
e
R S
e†
R e
′
R + h.c) (2.51)
=− (u¯L mu uR + d¯L md dR + e¯L me eR + h.c) (2.52)
=− (u¯mu u+ d¯md d+ e¯me e) . (2.53)
As a result, the mass matrices are now diagonal
mα =

mα1 0 0 . . .
0 mα2 0 . . .
0 0 mα3 . . .
...
...
...
. . .

(2.54)
with α = u, d, e,. Changing from the gauge basis to the mass basis has no influence
on the electromagnetic and neutral weak currents [16], but mixing of the generations
does occur for quarks in the charged weak currents. This quark mixing is described
by
Jµch(qk) = 2u¯
′
L,αγ
µd ′L,α = 2u¯Lγ
µVdl (2.55)
with V ≡ Su†L SdL. Since V is the product of two unitary matrices, it too os also
unitary VV† = 1 and shows that the quark mixing involves a linear combination of
the mass eigenstates. For just two generations the matrix is called the Cabbibo matrix
[17] and for the three generations it is called the Kobayashi-Maskawa matrix [18] usu-
ally shortened to KM or CKM. In general n×n unitary matrices have n2 real-valued
entries which are divided into
n(n− 1)
2
angles and
n(n+ 1)
2
phases. To extract the
physical important phases one can get rid of 2n − 1 phases by quark rephasing [16].
Finally V has
(n− 1)(n− 2)
2
phases. Figure 2.1 gives a very clear idea about what V
represents: it is a matrix containing all possible coupling constants for flavor change.
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Figure 2.1. Flavor change via W boson.
In the Figure a flavor change from an dL quark to an uL quark via a W boson is shown.
In the two flavor case, the Cabbibo matrix has no complex phases, which implies
that this matrix does not describe CP violation. The most common notation is with
the Cabibbo angle ΘC
V ≡
 cos ΘC sin ΘC
− sin ΘC cos ΘC
 . (2.56)
Since the entries of the Cabibbo and Kobayashi-Maskawa matrices cannot be cal-
culated from the SM they have to be determined experimentally. For the Cabibbo
angle, one finds sin ΘC ' 0.22 [19].
In the three dimensional case the KM matrix is
V =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb
 . (2.57)
For the KM matrix the entries also have to been determined experimentally and for
each transition a separate process has to be studied. The following displays candidate
processes for the KM matrix
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Figure 2.2. Hierarchal structure of the KM matrix [21] .
V ≡

β decay K+ → pi0e+νe Bd → l−ν¯lXu
νN → µµ¯X D¯0 → K+eν¯e Bd → D∗lν¯l
Bd → B¯d b→ γ t→ bW+
 . (2.58)
One way to represent the KM matrix is via the three mixing angles Θα (α = 1, 2, 3)
and a complex phase δ. In this case it is an Eulerian construction being a product of
the three rotation matrices and one phase matrix. With sij ≡ sin Θij and cij ≡ cos Θij
the result is [19]
V =

c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −s23c12 − s12c23s13eiδ c23c13
 . (2.59)
In this representation is is very easy to see the signals for CP violations due to the
complex phase in the matrix.
The last parametrization of the KM matrix is by Wolfenstein [20]. In this approach
the KM matrix has a ’hierarchal’ structure as depicted in Figure 2.2. This shows that
the elements on the diagonal are almost 1 and the off diagonal elements are smaller,
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as in the picture. Wolfenstein uses the Cabibbo angle sin ΘC = λ ∼ 0.22 to express
the KM matrix
V =

1− λ2
2
λ λ3A(ρ− iη)
−λ 1− λ2
2
λ2A
λ3A(1− ρ− iη) −λ2A 1
+O(λ4) (2.60)
with A, ρ and η real-valued parameters. The diagonal elements are indeed almost 1,
and the off diagonal elements grow as λ, λ2 and λ3 respectively in accordance with
the hierarchal structure of the KM matrix. The CP violating parameter is η. From
experiments the numerical values for A = 0.95± 0.14 and √ρ2 + η2 = 0.45± 0.14 are
determined which has been one of the goals of the b-factories. For convenience the ρ
and η parameter can be slightly redefined by ρ¯ = 1− λ
2
2
+ . . . and equivalently for η.
Due to the unitarity of the KM matrix one has
∑
i
VijV
∗
ik = δjk
∑
j
VijV
∗
lj = δil. (2.61)
with i, l = u, c, t and j, k = d, sb. This can be used to test the number of generations.
Since for each row and column the sum must be equal one, one can take current data
and see how it fits to this prediction. The best is found for j = k = 1
|Vud|2 + |Vus|2 + |Vub|2 = 0.9995(5)(4) (2.62)
giving the statistical and systematic error respectively. This is very close to the pre-
dicted value of one and hence the data indicate only three generations of fermions. If
there exists a fourth generation of fermions, physicists have to explain how it respects
this unitary argument.
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Figure 2.3. Unitary Triangle in the Complex plane [19].
In the complex plane, the vanishing combinations can be represented as triangles
and all six triangles have the same area. This is depicted in Figure 2.3 and the explicit
angles of this triangle are [19]
α = Φ2 = arg
(
− VtdV
∗
tb
VudV ∗ub
)
(2.63)
β = Φ1 = arg
(
−VcdV
∗
cb
VtdV ∗tb
)
(2.64)
γ = Φ3 = arg
(
−VudV
∗
ub
VcdV ∗cb
)
. (2.65)
From CP-violating experiments it is possible to draw conclusions about these angles
and for η¯ and ρ¯. The results for the constraints in the η¯− ρ¯ plane is shown in Figure
2.4 [19]. The colored areas are various measurements for different parameters. The
gray shaded area is excluded by a minimum of a 95% C.L. and fits perfectly in the
area of the global fit which is given by the triangle in the center. The final values for
η¯ and ρ¯ do have to be consistent with all measurements. For their outstanding and
innovative works in that field M.Kobayashi and T.Maskawa were honored with the
Nobel Prize in 2008.
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Figure 2.4. Constraints on η¯ and ρ¯ [19].
2.4 Some Values for the SM Parameters and Interactions
The SM has various parameters and interactions which can be studied quantita-
tive. First there is the QED fine structure constant α which is measured very precisely
[19]. It is the coupling constant of the electromagnetic interaction and gives the prob-
ability that a photon couples to an electromagnetic charged, elementary particle. It
is defined by the classical Thomson limit of Compton scattering, which means q2 ∼ 0
and it holds α ≡ e
2
4pi
' 1
137
.
Another important constant is the Fermi coupling constant, which is motivated in
the muon-decay lifetime and is also one of the best measured quantities. Previously
the muon-decay was described by the Fermi Model which is shown in Figure 2.5(a).
Within this model the µ− decays directly into e−, ν¯e and νµ (analog for µ+ decay).
The coupling constant for this decay is GF√
2
. From the Fermi model one measures
GF = 1.166 10
−5GeV−2 [19]. After discovering the W -boson this decay was corrected.
The µ− first decays into a W−-boson which has a very short lifetime and a muon
neutrino νµ. The short lifetime of the W boson was the reasons why it was not
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(a) Fermi Model (b) decay via W -Boson
Figure 2.5. Muon decay.
recognized in earlier experiments. Thereafter, the W -Boson decays then into e− and
ν¯e. In this decay the coupling constant is g2 which appears twice. The corresponding
Feynman diagram is shown in Figure 2.5(b). As mentioned before, the coupling
constant GF in the Fermi Model is measured very precisely and by comparing the
two Feynman diagrams one gets
GF√
2
=
( g2
2
√
2MW
)2
=
1
2v2
(2.66)
using relation M2W =
g22 v
2
22
. Solving for v gives
v = 2−
1
4G
− 1
2
F (2.67)
This result is very useful since the value for the Higgs condensate can be calculated
from experimental data v = 246.2 GeV.
For further calculations the mass of the Z-Boson MZ = 91.1976GeV [19] is needed,
which was measured very precisely at LEP1 [22] as well as the mass of the W -Boson
MW = 80.398 GeV [19] which is an averaged value of combined data from LEP2
[23] and TEVATRON [24]. Now several parameters of the SM can be determined,
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including the coupling constants g1,2 and the weak mixing angle (or Weinberg angle)
θW .
MW =
v
2
g2 =⇒ g2 = MW 2
v
= 0.653 (2.68)
MZ =
v
2
√
g12 + g22 =⇒ g1 =
√
M2Z
4
v2
− g22 = 0.350 (2.69)
MW
MZ
= cos θW =⇒ θW = arccos MW
MZ
= 28.155◦ (2.70)
Another interesting relation is the coupling constants for fermions
mα =
v√
2
fα =⇒ fα = mα
√
2
v
. (2.71)
Table 2.4 lists masses and coupling constants for several fermions using Equation
(2.71). A mass dependence on the coupling constants can be seen in the table. Fur-
thermore it is significant that higher generations of matter have heavier masses.
Finally, the ρ-parameter [25] is introduced in Equation (2.72). Since ρ consists
solely of experimentally measurable values one can measure ρ and compare it to the
Particle α Mass [MeV] fα [10
−3]
u 1.5− 3.3 0.009− 0.019
d 3.5− 6.0 0.020− 0.034
s 104 0.597
c 1270 7.295
b 4300 24.126
t 171200 983.401
e 0.511 0.003
µ 105.658 0.871
τ 1776.84 10.207
Table 2.4. Coupling constant fα for various fermions.
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expected SM value of ρ = 1. In experiments, ρ used to be a useful parameter to
measure the relative strength of the charged and neutral currents
ρ ≡ M
2
W
M2Z
g21 + g
2
2
g22
SM
= 1. (2.72)
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CHAPTER 3
HIGGS MASS
The Higgs boson mass is the last free parameter in the SM and, since it has not
yet been detected, its mass is still unknown. Nevertheless, one can make predictions
and set limiting constraints on the mass from both theory and experiment. Further-
more, the Higgs mass is an important part of electroweak perturbation theory, since
higher order corrections often include Higgs particle loops. Currently there are two
main particle accelerators for the experimental search of the Higgs boson. First the
Tevatron at Fermilab and second the LHC at Cern. The LHC will be the most
powerful accelerator with 14 TeV center of mass energy (at the date of publishing
it is running with 7 TeV) followed by TEVATRON with 1.96 TeV. The LHC is a
proton-proton collider whereas TEVATRON is a proton-antiproton collider. These
two accelerators run at different center of mass energies whereat higher center of
mass energies lead to a higher Higgs cross section. Before building LHC, both LEP1
and LEP2 with electron-positron collisions have contributed to the Higgs search. In
this chapter, radiative corrections to the ρ-parameter and the W boson mass are
first discussed as examples of higher order correction involving Higgs loops, and then
experimental constraints on the Higgs mass will be presented as well as theoretical
restrictions.
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3.1 Radiative Corrections
3.1.1 on the ρ-parameter
Perturbation theory is an important part of the Standard Model. At tree level,
theoretically predicted and experimentally obtained values are mostly in good agree-
ment. This is due to the small coupling constants compared to the needed high
energies. Nevertheless, for more precise descriptions higher order terms have to be
considered. To give an example of higher order corrections, which are dependent
on the Higgs mass, the corrections for the ρ- parameter are discussed. Since these
calculations are very difficult and complicated, only the solutions are given.
As given in the previous chapter, ρ ≡ M
2
W
M2Z
g21 + g
2
2
g22
gives the strength between the
charged and neutral currents. The higher order corrections are
ρ =
1
1−∆ρ (3.1)
with
∆ρ = 3
GF m
2
t
8
√
2pi2
[
1 + (∆ρ)QCD + (∆ρ)EW
]
. (3.2)
The most significant contribution with 30% arises from the top quark. Additional
QCD and electroweak corrections influence the correction. For the higher order QCD
corrections including two-loop and three-loop corrections [26, 27] one obtains
(∆ρ)QCD = −2
3
αs
pi
(
pi2
3
+ 1
)
− 14.59
(αs
pi
)2
(3.3)
with αs being the coupling constant of the strong interaction at the top mass scale.
The electroweak corrections are also caused by top quark loops. In the limit for a
very light Higgs boson MH  mt the main contribution is given by
(∆ρ)EW ' (19− 2pi2) GF m
2
t
8
√
2pi2
' −GF m
2
t
8
√
2pi2
. (3.4)
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The corrections grow larger for finite values of MH [28].
Further corrections to the ρ-parameter arise directly from Higgs loops. The one-
loop correction is given by
(∆ρ)1−Higgs = −3
4
GF M
2
W
2
√
2pi2
f(x) (3.5)
with f(x) = x
[
ln c2W − lnx
c2W − x
+
lnx
c2w(1− x)
]
and x =
M2H
M2Z
. In two cases this correction
will vanish and only for a heavy Higgs boson the correction gives a finite value,
growing with the logarithm of the Higgs mass MH
(∆ρ)1−Higgs

→ 0 for sW → 0 or MW →MZ
→ 0 for MH MW
∼ −3
4
GF M
2
W
2
√
2pi2
s2W
c2W
log
M2H
M2W
for MH MW
(3.6)
with
GF M
2
W√
2pi2
∼ 3.8 10−3. This seems to be a contradiction since the correction
is expected to grow with the mass of the heavier particle. The answer, why the
corrections grow with the logarithm, is given by Veltman’s screening theorem [30, 31]
which states that the quadratic correction M2H only occurs for two-loop corrections.
Therefore the first order correction has to be screened.
Corrections at a two-loop level [32] and three-loop level [33] have been calculated
(∆ρ)2−Higgs ∼ 0.15
(
GF M
2
W
2
√
2pi2
)2
s2W
c2W
M2H
M2W
(3.7)
(∆ρ)3−Higgs ∼ −1.73
(
GF M
2
W
2
√
2pi2
)3
s2W
c2W
M4H
M4W
. (3.8)
but for a light Higgs boson they can be neglected since they are smaller than <
10−5. For not too large Higgs masses around 400 GeV the two-loop and three-loop
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contributions cancel each other since they are about the same value (∆ρ)2−Higgs ∼
−(∆ρ)3−Higgs but with opposite signs. For a heavy Higgs with a mass MH ∼ 1.2 TeV
the one-loop and the three-loop corrections do not only become about the same size
but also have the same sign and thus add up and give a total contribution of∼ 0.32. In
conclusion, the main contributions for the ρ-parameter corrections arise mostly from
the top quark since corrections involving Higgs loops are very small for a favored light
Higgs mass.
3.1.2 on the W mass
Another example where Higgs loops influence the radiative corrections is the W
boson mass. Since the radiative corrections for MW include Higgs loops and top loops,
these values are strongly connected with each other. From muon decay, discussed in
Section 2.4 Equation (2.66) was derived. This can be related to MW via
GF√
2
=
( g2
2
√
2MW
)2
=
pi α
2M2W (1− M
2
W
M2Z
)
. (3.9)
The radiative corrections lead to [34]
M2W
(
1− M
2
W
M2Z
)
=
piα√
2GF
(1 + ∆r) (3.10)
with ∆r being the radiative corrections to the W boson. It consists of three parts
[35]
1 + ∆r =
(
(1−∆α) (1 + c
2
w
s2W
∆ρ)− (∆r)rem
)−1
(3.11)
with ∆α the running fine structure constant, ∆ρ, the radiative corrections of the ρ pa-
rameter, discussed in the previous Section, and (∆r)rem the remaining corrections. As
already discussed in Equation (3.2), the corrections to the ρ parameter are dependent
on the top mass mt and on the Higgs mass MH as well. The one-loop corrections for
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(a) with Higgs particle [37] (b) without Higgs particle [38]
Figure 3.1. MW vs. mt.
∆rrem are logarithmically dependent on the Higgs mass, and the two-loop corrections,
in accordance with Veltman’s screening theorem, have a quadratically dependence on
the Higgs mass. The one-loop correction for a heavy Higgs mass is given by [34, 36]
(∆r)1−Higgsrem '
GFM
2
W
8
√
2pi2
11
3
(
log
M2H
M2W
− 5
6
)
. (3.12)
Knowing these dependences, one can now plot the W boson mass versus the top
quark mass, and get constraints for the Higgs boson mass. Figure 3.1 (a) shows the
MW vs. mt plot. The large green band gives the possible Higgs mass range, on the
left the lower bound of MH > 114 GeV from LEP and on the right an upper limit
MH < 1 TeV. The mass of the W boson is MW = 80.398 ± 0.023 GeV and for the
top mass, the very recent value of mt = 173.3± 1.1 GeV is used. The red dotted line
gives the results from LEP1 and SLD experiments, and the blue solid line gives the
results from LEP2 and TEVATRON. One can clearly see that the experiments from
LEP2 and TEVATRON have improved the allowed parameter space for MW and mt,
especially as the value for the top quark mass has become more precise. The allowed
mass region for the Higgs boson must be consistent with these measurements. This is
given by the overlap of the circles and the green band. As one can see, the previous
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measurements from LEP1 and SLD allowed a large mass range, and even a heavy
Higgs boson of about 700 GeV was possible. The constraints from the more recent
results for the W boson and top quark are much stricter, allowing only a very small
mass region in the lower mass range. A light Higgs boson is strongly favored by the
MW and mt data. However, the argument can be reversed, as shown in Figure 3.1
(b). Here, no Higgs mass region is included. Again, MW vs. mt is plotted. The lime
green band around the measured mass values are the 1σ bands. The contours are
at 68%, 95% and 99% C.L. respectively. The large blue area gives the result of the
standard fit, excluding direct searches for the Higgs boson at LEP and TEVATRON.
The medium orange area gives the standard fit including these direct searches, and
finally the small green area in the middle is a complete fit, respecting all avaible data.
From this plot one can see that the Higgs search sets strict constraints on the allowed
parameter space of the W boson and top quark mass.
3.2 Experimental Constraints on the Higgs Mass
3.2.1 Electroweak High Precision Data
In the SM all parameters except the Higgs particle have been detected so far and
many of them with high accuracy. As mentioned before, the QED fine structure con-
stant α, the masses of the W and Z bosons and the Fermi constant GF are examples
for the best measured parameters in the SM. As one can see in Figure 3.2 (a), there
are many more observables which have been measured precisely. These include the
partial decay widths ΓZ and ΓW , the hadronic cross section σ
0
had, the top quark mass
mt as well as the masses of the c and b quark m¯c,b, the weak mixing angle sin
2 Θ
and several asymmetries Ai. The measured values are listed in the Figure giving the
deviances of the experimental and theoretically predicted values. As one can see most
of the experimental values are very close to the theoretically predicted values, lying
within 1σ standard deviation. Only three values are outside of 2σ and only A0,bfb has a
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(a) EW high precision data (b) Individual measurements
(c) most sensitive individual measurements
Figure 3.2. Electroweak Precision Measurements [38].
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deviation as larger as 2.5σ deviation. Also, the number of neutrinos can be measured
and it agrees with the predicted SM value of Nν = 3 within a 2σ level.
These electroweak (EW) high-precision measurements have been essential to con-
firm the SM so far. Almost every measured parameter is in a good agreement with
the predicted value from the SM. Since all theoretically predicted values include all
known radiative corrections, the electroweak precision data is also a confirmation for
the existing quantum corrections. These data can be taken to make a standard fit to
predict the Higgs mass. The contributions to this most probable value from individual
measurements [38], are shown in Figure 3.2 (b). In general these individual measure-
ments do not spread extremely wide but mostly lie within 60− 110 GeV. Especially
the accuracy of the W boson mass and the top quark mass mt influence the accuracy
of the central value. The constraints from the most sensitive measurements arising
from MW , Al(SLD), Al(LEP ) and A
0,b
fb , shown in Figure 3.2 (c) where the fit for the
Higgs mass is made just from the given values [38]. The results are not independent
but complement Figure 3.2 (b). These values show the strong tension between the
left-right asymmetry Al(SLD) and the forward-backward asymmetry A
0,b
fb . A
0,b
fb is
with a predicted Higgs mass of MH = 496 GeV much larger than the favored value of
MH = 83GeV, Al(SLD) with MH = 24GeV much smaller. The left-right asymmetry
is an easy experiment, which would probably not change too much were it redone.
However, the forward-backward asymmetry is a difficult measurement, which includes
more analysis. In case of redoing this experiment, the value might change significantly.
However, even though the Higgs boson has not been measured, one can still get re-
strictions on the mass by using the high-precision data discussed above. One obtains
a very significant chart by predicting the Higgs mass using the previously discussed
EW data. Figure 3.3 gives much information about the favored Higgs mass from the
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(a) for the standard fit (b) for the complete fit
Figure 3.3. ∆χ2 vs HH [38].
EW data. The plot shows ∆χ2 versus MH , with ∆χ
2 the likelihood of the Higgs mass
and MH being the mass of the Higgs boson. Figure 3.3 (a) gives the standard fit with-
out direct searches and Figure 3.3 (b) gives the complete fit including direct searches.
The continuous parabolic line is the set with the most probable values within the
Standard Model. The green stripe around the parabolic curve represents theoretical
uncertainties which result from calculations within the theory of the Standard Model.
Figure 3.3 (a), the standard fit shows that a Higgs mass of about 83 GeV would fit
best to the provided data. That is the main difference between the two graphs. The
complete fit, Figure 3.3 (b), supports a heavier Higgs mass MH = 119 GeV. The
gray shaded area at the left has already been excluded by direct searches. LEP2 set a
lower mass limit of MH > 114.4GeV. In the middle of the graphs, a small mass region
(158GeV - 175GeV) has been excluded as well by direct searches at the TEVATRON.
How can such a small region at these high energies be excluded but not all the region
115 GeV and 175 GeV? This is an interesting question which is explained by very
recent combined CDF and D/0 data [37]. Figure 3.4 shows the 95% Confidence Level
(C.L.) limit normalized to the SM, which is basically the number of events, versus
the Higgs mass MH ; as shown, the SM predicts excactly 1. At the left side, up to
115 GeV, one can see the excluded area from the LEP experiment. In the mass area
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Figure 3.4. Combined CDF and D/0 Data, July 2010 [37].
158GeV< MH < 175GeV both the predicted and the observed line fall below the SM
normalization. This means one can exclude this mass area. The mass range about
160 GeV-180 GeV is the most sensitive area at TEVATRON since the Higgs almost
exclusively decays into a W+W− pair and this is the main signal channel at TEVA-
TRON. Deeper discussions about Higgs decay modes and signal channels at particle
detectors will be presented in the next Chapter. TEVATRON is squeezing the most
probable mass area from both sides. The upper limit is MH < 158 GeV and at the
lower limit the LEP exclusion has been confirmed to MH > 110 GeV. For a Higgs
mass of MH = 115 GeV TEVATRON expects 1.5×SM events, which give first hints
to search in this mass area.
All together, the LEP2 experiments set a lower mass limit for the Higgs mass
of MH > 114.4 GeV. A very heavy Higgs mass is not supported by the data. It is
most likely that the mass for the Higgs boson is between 114.4 GeV< MH < 158 GeV
since it is consistent with existing data. It seems that the Standard Model based on
the SU(3) × SU(2) × U(1) gauge symmetry is a reliable description of the strong
and electroweak interactions in the experimentally accessible energy range. Only
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the Higgs boson is the last remaining degree of freedom which has not yet been
discovered. Finally, we note that the Higgs self-coupling λ is easily correlated to MH
via MH = v
√
2λ. Table 3.1 shows possible values of λ for different Higgs masses in
the range of 114.4 GeV< MH < 160 GeV.
3.3 Theoretical Constraints on the Higgs Mass
Besides the experimental constraints on the Higgs mass, there are several very
important theoretical considerations. Unitarity and triviality bounds set an upper
limit on the Higgs mass whereas the stability bound sets a lower limit on the Higgs
mass dependent on the cutoff ΛC . The Hierarchy problem leads to unacceptable Higgs
mass for a cutoff at the Grand Unification scale.
3.3.1 Unitarity Bound
Mostly the unitarity bound is referred to as giving an upper limit for the Higgs
mass, but it also it gives an energy scale where the SM is not valid any more. As
a result new physics has to appear. Unitarity requires the scattering amplitude to
be bounded. In the following the W+W− → W+W− elastic scattering is studied.
In Figure 3.5, all contributing Feynman diagrams are shown. Taking all diagrams
except the contributions arising from the Higgs loops, the scattering amplitude will
grow with the squared center of mass energy [39]. Since unitarity requires the cross
section to be bounded by the inverse squared center of mass energy 1
s
the unitarity
constraint is violated. The theory is only renormalizable with the Higgs boson and
MH [Gev] 115 120 130 140 150 160
λ 0.109 0.119 0.139 0.162 0.186 0.211
Table 3.1. λ vs. MH [GeV].
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Figure 3.5. Feynman Diagrams for W+W− scattering [29].
hence all loops have to be included. The W+W− → W+W− scattering amplitude in
the limit sMH is
A(W+W− → W+W−) = −
√
2GF M
2
H
[
s
s−M2H
+
t
t−M2H
]
(3.13)
with s, t being Mandelstam variables. This grows as s for MH →∞. The scattering
amplitude A violates unitarity not only if the Higgs mass grows to infinity but also
for finite values of MH . Therefore the amplitude has to be decomposed into partial
waves aJ of orbital momentum. Only the J = 0 partial wave is taken into account
since it gives the strongest constraint on the Higgs mass. This yields
a0 =
1
16pis
∫ 0
−s
A(W+W− → W+W−)dt (3.14)
=
GF M
2
H
8pi
√
2
[
2 +
M2H
s−M2H
− M
2
H
s
log(1 +
s
M2H
)
]
. (3.15)
Taking the limit M2H  s leads to
a0 = −GF M
2
H
4pi
√
2
. (3.16)
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By using the optical theorem, which associates the total cross section with the imag-
inary part of the forward scattering amplitude, one gets
σ =
1
s
Im[A(θ = 0)] =
16pi
s
∞∑
J=0
(2J + 1)|aJ |2 (3.17)
and the unitary conditions:
|aJ |2 ≤ |Im(aJ)| ⇒ [Re(aJ)]2 + [Im(aJ)− 1
2
]2 =
1
4
. (3.18)
In the complex plane, this is a circle with center (0, 1
2
) and radius r = 1
2
and thus
it is easy to see that the real part holds |Re(aJ)| < 12 . Considering all mentioned
requirements, Equation (3.16) leads to an upper limit of [40]
MH ≤ 870 GeV (3.19)
for the Higgs mass. For coupled scattering channels which involves W,Z and H the
J = 0 partial wave amplitude can be calculated as well. This matrix has a neutral and
a charged channel and the most restrictive bound comes from the largest eigenvalues
of the matrix leading to an upper bound of [41, 42]
MH ≤ 710 GeV. (3.20)
For Higgs masses larger than this upper limit the tree-level scattering amplitude
violates unitary. For a heavy Higgs boson the self-coupling gets so strong that per-
turbation theory might become implausible due to extremely large corrections, and
therefore it is justifiable to consider only the tree level.
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For a Higgs mass much larger than the center of mass energy, MH  s, the
scattering amplitude violates unitarity as well. For the W+W− → W+W− scattering
discussed above one gets for the J = 0 partial wave amplitude
a0 =
GF s
16pi
√
2
. (3.21)
Using the same unitary condition as above one gets an upper limit of
√
s ≤ 1.7 TeV. (3.22)
Again, by taking the full coupled channel the most restricted bound for the center of
mass energy becomes
√
s ≤ 1.2 TeV. (3.23)
That is an interesting result since it supports the idea that for very heavy Higgs
bosons, perturbation theory could break down at the TeV scale and new physics
might appear.
3.3.2 Triviality Bound
Another upper limit comes from the triviality bound. To see how this limit is
derived, the one-loop radiative corrections to the quartic coupling of the Higgs bo-
son have to be studied. As shown in Figure 3.6 only one-loop corrections of the
Higgs boson to itself are considered. To calculate the running Higgs coupling the
Renormalization Group Equation (RGE) is taken
d
dQ2
λ(Q2) =
3
4pi2
λ2(Q2) +O(λ3) (3.24)
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Figure 3.6. Feynman diagrams for one-loop self-coupling of the Higgs boson [29].
with Q being the energy scale. If Q = v is taken as reference point, the electroweak
SSB scale, the solution of this differential equation becomes logarithmically dependent
of the squared energy scale
λ(Q2) = λ(v2)
[
1− 3
4pi2
λ(v2) log(
Q2
v2
)
]−1
. (3.25)
Two limits have to be considered: first when the energy scale is much smaller than the
energy scale Q2  v2 and second, the opposite, Q2  v2. In the first case the theory
is noninteracting since the quartic coupling vanishes in the limit λ(Q2) ∼ λ(v2)
log(∞) → 0.
This is also called a trivial theory. In the second case the quartic coupling gets larger
and ultimately becomes infinite. The energy where the coupling becomes infinite is
called the Landau Pole and is defined by:
ΛC = v exp[
4pi2
3λ
] = v exp[
4pi2v2
M2H
]. (3.26)
For the Higgs potential to stay perturbative, the quartic coupling constant has to
become λ = 0 everywhere and hence create a non-interacting theory as well. This
is known as the triviality argument. Interesting is the inverse relation between the
Higgs mass and the cutoff. For a small cutoff ΛC a heavy Higgs boson is implied and
vice versa. For example, a heavy Higgs mass of MH ∼ 1 TeV requires the cutoff to
be ΛC ∼ 103 GeV. By contrast, a large cutoff implies a light Higgs particle, because
otherwise a Landau pole would occur. A cutoff of the GUT scale ΛC ∼ 1016 GeV
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Figure 3.7. Feynman diagrams for one-loop fermion and gauge boson contribution
[29].
requires a Higgs lighter than 200 GeV. However, for very large λ perturbation theory
breaks down and the triviality bound can not be used anymore; from simulations
including non-perturbative effects an upper limit of [43]
MH < 640 GeV (3.27)
could be set for the Higgs mass.
3.3.3 Stability Bound
The stability bound gives a lower limit for the Higgs mass. In the previous discus-
sion the running self-couping constant λ from Higgs contributions itself were studied.
For completion, fermion and vector boson contributions have to be considered as well.
The Higgs couplings grows with the particle mass and thus the significant contribu-
tions will arise the from heavy top quark and the massive gauge bosons, as shown
in Figure 3.7. As before, to obtain the running coupling λ the one-loop Renormal-
ization Group Equation can be used, but now including fermion and vector boson
contributions as well
dλ
d logQ2
' 1
16pi2
[
12λ2 + 6λλ2t − 3λ4t −
3
2
λ(3g22 + g
2
1) +
3
16
(
2g42 + (g
2
2 + g
2
1)
2
)]
(3.28)
with the top quark coupling λt =
√
smt
v
. Taking the same EW reference point Q = v
as before, the solution in the limit λ g1, g2, λt is
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λ(Q2) = λ(v2) +
1
16pi2
[−12m
4
t
v4
+
3
16
(2g42) + (g
2
2 + g
2
1)
2] log
Q2
v2
. (3.29)
For small values of λ the corrections are significant and the coupling can become
negative λ(Q2) < 0 due to overwhelming top quark contributions. As a result, the
vacuum becomes unstable because of the absence of a minimum in the Higgs potential.
To ensure a stable vacuum the lower bound for the Higgs mass can be derived from
the boundary condition λ(v2) =
M2H
2v2
M2H >
v2
8pi2
[−12m
4
t
v4
+
3
16
(2g42) + (g
2
2 + g
2
1)
2] log
Q2
v2
(3.30)
to enforce λ(Q2) > 0. This restriction for MH is dependent on the cutoff ΛC . The
vacuum is only stable for energies lower of the cutoff value ΛC . To show the range of
the lower bound of the Higgs Mass two values for the cutoff are taken and the bounds
for the Higgs mass determined. A low cutoff value ΛC ∼ 103 GeV and a high cutoff
value ΛC ∼ 1016 GeV set a lower bound
MH ≥ 70 GeV (3.31)
MH ≥ 130 GeV (3.32)
on the Higgs mass respectively [44]. Even for these very different cutoff values, the
constraints on the Higgs mass remain at the electroweak scale.
3.3.4 Hierarchy Problem
The last constraint discussed here is the Hierarchy problem or fine tuning problem
which arises from radiative corrections to the Higgs mass itself. The contributing
Feynman diagrams are depicted in Figure 3.8. The most dominant effects on the
Higgs mass arises from the one-loop diagrams involving top quarks, massive gauge
bosons and the Higgs itself. Since the LHC will search in the energy scale of 1−10TeV
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(a) ff¯ -Loop (b) γ- or W - or Z-Loop (c) Higgs-Loop
Figure 3.8. Different Loops which affect the Higgs mass.
a cutoff value ΛC ∼ 10 TeV will be considered. For this cutoff value the contributions
become [45]:
M2H = (M
tree
H )
2 +
3Λ2
8pi2v2
[ −4m2t︸ ︷︷ ︸
∼−(2 TeV)2
+ 2M2W +M
2
Z︸ ︷︷ ︸
∼(700 GeV)2
+ M2H︸︷︷︸
∼(500 GeV)2
]. (3.33)
This is very atypical in the SM since the divergence does not grow logarithmically in
the cutoff Λ but rather quadratically. The total inputs for the Higgs mass MH are:
M2H = (M
tree
H )− [100− 10− 5](200 GeV)2 (3.34)
For a cutoff of Λ ∼ 10 TeV the tree mass has to be fined tuned to M treeH = 1.8 GeV
to give a Higgs mass of the EW symmetry breaking scale MH ∼ 200 GeV. This is
shown in Figure 3.9. For a cutoff Λ ∼ 1016 GeV the Higgs tree mass has to cancel
the radiative corrections, which are at the scale of 16 digits to yield a Higgs boson of
about MH ∼ 200 GeV.
To summarize, the hierarchy or fine tuning problem is due to radiative loop cor-
rections which are quadratically divergent of the cutoff Λ, instead of logarithmically
divergent as usual. Hence the Higgs mass might grow unacceptably large. For a
cutoff Λ ∼ 1 TeV the most significant contribution arises from the top loop and and
is about 200 GeV. In this energy scale SUSY gives a very satisfying solution for this
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Figure 3.9. Fine tuning Problem [45].
problem, but for large values of the cutoff Λ, the Higgs tree mass has to be finely
tuned to cancel the incredible high quantum corrections to result in a physical Higgs
boson mass of a few hundred GeV.
Predictions can be made for what scale New Physics has to appear to solve the
Hierarchy problem [45]. If the restriction is that the contributions are not larger than
10 times the Higgs mass a maximum cutoff of Λ ∼ 2 TeV for the top loop correction
is found. This means new particles are predicted with masses less than 2 TeV. The
requirement that the cancellations have to appear naturally leads to the fact that the
new particles must have similar quantum numbers as the top quarks. Hence they
need to be related to the ’old’ top quarks by a symmetry. This leads to the theory
of supersymmetry (SUSY), discussed more precisely later in Chapter 5.2. The same
predictions can be made for the gauge loop correction and the Higgs loop correction.
In these cases one obtains a maximum cutoff of Λ ∼ 5 TeV for the gauge boson cor-
rection and a maximum cutoff of Λ ∼ 10 TeV for the Higgs loop correction. Thus
one can predict new particles, related to the known particles, with masses less than
5 TeV or 10 TeV respectively.
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Figure 3.10. Combined constraints on the Higgs mass [46].
Finally, all constraints discussed here are summarized in Figure 3.10. The picture
shows the Higgs mass MH vs. the cutoff Λ and all significant constraints. As upper
bounds, the triviality bound and restrictions from the EW high precision measure-
ments are given. The unitary bound is the less strict one and not shown in the Figure.
The lower bound is set by the Stability bound and of course by fine tuning which is
given with 1% and 10% accuracy respectively. The white area is the allowed mass
range with respect to all experimental and theoretical constraints. Noteworthy is the
fact, that for a high cutoff value, the allowed mass range of the Higgs boson gets
smaller and smaller.
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CHAPTER 4
EXPERIMENTAL ISSUES
In this Chapter various possible production modes and decay channels for the
Higgs boson are studied as well as several attempts to detect the Higgs at different
particle accelerators including LEP, TEVATRON and LHC.
4.1 Decay Channels and Branching Ratios
There are three main decay modes for the Higgs particle shown in Figure 4.1. First
into a fermion-antifermion pair ff¯ , second into real and/or virtual gauge bosons and
last into two photons γγ, one photon and one Z boson or two gluons gg. Fermions
and gauge bosons can couple directly to the Higgs bosons whereas photons and gluons
can not couple directly but decay via loops. This is of course no surprise since the
Higgs coupling is dependent on the particle masses and hence it couples directly only
to massive particles. Decays into massless particles are possible but only via massive
particle loops. Due to the loops these decay modes are suppressed contrary to the
direct decays into fermions and vector bosons.
Decays into WW and ZZ pairs are preferred over the quark and lepton decays but to
understand why the decay widths have to been studied more precisely. For a scalar
Higgs H with a coupling of the type gHff¯ ∝ mfv the Born approximation for the
partial decay width into two fermions is [47]
ΓBorn(H → ff¯) = GµNc
4
√
2pi
MH m
2
f β
3
f (4.1)
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Figure 4.1. Main decay modes for the Higgs boson [29].
with the color factor Nc = 3 for quarks, and Nc = 1 for leptons and β = (1−
4m2f
M2H
)
1
2
the fermion velocity.
The partial decay width for a Higgs decay into light quarks is influenced by large
values of QCD corrections. The decay width correction for the next-to-leading order
(NLO) is given by [29]:
ΓNLO(H → qq¯) ' 3GµNc
4
√
2pi
MH m
2
q
[
1 +
4
3
αs
pi
(
9
4
+
3
2
log
m2q
M2H
)]
(4.2)
with respect to one-loop corrections involving gluon exchange. For very light quarks
the logarithm can become large negative values and thus result in a negative decay
width. To solve this problem one can use the running quark mass m¯q, which is
dependent on the scale of the Higgs boson. Including second and third order QCD
corrections [48, 49] the partial decay width is found to be
Γ(H → qq¯) = 3GµNc
4
√
2pi
MH m¯
2
q [1 + ∆qq + ∆
2
H ] (4.3)
where ∆qq and ∆
2
H denote QCD corrections which are dependent of the running quark
mass m¯q, the running coupling constant of the strong interaction α¯s, the number of
light quark flavors Nf . Especially ∆
2
H is also dependent of the top quark mass. Figure
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Figure 4.2. Higgs decay into bb¯ and cc¯ pairs with different QCD corrections [29].
4.2 shows the influences of these correction for the decay into bb¯ and cc¯ pairs where
the decay width vs. the Higgs mass MH is plotted. The blue dotted line gives the
decay widths only considering the tree mass, the green dashed line is a correction
using the the running quark masses and the red solid line denotes the decay widths
including the full QCD corrections. For a Higgs mass MH = 120 GeV, the yellow line
in the Figure, just by taking the running mass into account the decay width drops by
a factor of 2.23 for Γ(H → bb¯) and even with a factor 4.55 for Γ(H → cc¯). Finally by
including the full QCD corrections the decay width increases again. The decay width
into heavy quarks like top quarks is slightly different but still holds Γ(H → tt¯) ∝ m2t .
A Higgs boson with a mass above the massive vector boson threshold will primary
decay into a V V pair (with V = W or Z). The partial decay width is given by
Γ(H → V V ) = GµM
3
H
16
√
2 pi
δV
√
1− 4x (1− 4x+ 12x2). (4.4)
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Figure 4.3. Branching ratios for the Higgs boson [29].
with x being the quadratic ratio of MV to MH ; x =
M2V
M2H
and δW = 2 and δZ = 1.
Comparison of the partial decay width into quarks/leptons and into pairs of vec-
tor boson gives the reason why the decays into massive gauge boson are favored:
the decay width of Γ(H → ff¯) is dependent on a squared mass term m2f whereas
Γ(H → V V ) is depended on a cubic mass term M3V . As a result, the decay width
into Vector boson pairs will be larger than into fermions and that is exactly what can
be seen in Figure 4.3, giving an overview of all branching ratios.
The branching ratios for the Higgs boson depended on its mass MH are presented
in Figure 4.3. As one can see, the Higgs mass can be divided into three parts: a low
mass range, MH < 130 GeV, an intermediate mass range, 130 GeV< MH < 200 GeV,
and a high mass range, MH > 200 GeV. For a light Higgs boson the most significant
decay process is into bb¯ pairs with a branching ratio of 75%. Behind is the decay
into a τ+τ− pair with a branching ratio of ∼ 6% and the decay into a cc¯ pair with
a branching ratio of a few percent. For a Higgs mass MH ∼ 120 GeV the decay into
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Figure 4.4. Total decay width for the Higgs boson [29].
a gg pair is also significant with ∼ 7% but drops afterwards. Decays into γγ have a
very small branching ratio with only a few per mille, but nevertheless this channel
can contribute to the Higgs search. Decays into two photons give clear signals in the
detector with low background. Due to the low branching ratio a high luminosity is
needed. Higgs decays into Zγ, µµ and ss¯ pairs are less then a few per mill and are
hardly relevant. Within this low mass range the decay into a WW pair increases
notably as well as the decay into a ZZ pair. Nevertheless, both decay modes involve
at least one virtual vector boson since the energy is below the threshold energies
and hence the maximum for these decays is not yet reached. A medium Higgs de-
cay is dominated by WW decay since the energy is approaching the corresponding
threshold and hence both W bosons become real. Especially in the mass range from
160GeV< MH < 180GeV, at the threshold energy when two real WW are produced,
the branching ratio becomes almost 100% for this decay mode. The decay into a
ZZ∗ pair is also significant but notably suppressed since one Z is still virtual. The
only non negligible decay mode which contributes at least a little, is H → bb¯ whose
branching ratio drops from 50% at the beginning of this mass range to just a few
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percent at the end. For heavy Higgs masses the decay modes are almost solely into
massive gauge bosons. The decay into a WW pair has a branching ratio of 60% and
the ZZ pair productions follows with 30%. The tt¯ channel is opened at a Higgs mass
of MH ∼ 300 GeV but does not becomes significant before the top quark threshold
MH ∼ 350 GeV with a branching ratio of slightly more than 10% but decresases for
higher Higgs masses. In general the Higgs prefers coupling to heavier particles, so it
is understandable that beneath the WW threshold MH < 160 GeV the bb¯ is the most
significant decay and for a Higgs boson mass above the threshold MH > 160 GeV the
decays into WW and ZZ are favored.
The total decay width is depicted in Figure 4.4: with increasing Higgs mass the
total decay width is increasing as well. For a very heavy Higgs boson mass of MH ∼
1 TeV the total decay width has roughly the same value as the Higgs boson mass
itself what is very uncommon. Usually the mass of the particle is much higher than
the decay width, leading to a clear signal in the detector as in the case of the W or
Z boson.
4.2 Production Modes and Experimental Search
In this section the main production modes at different colliders are discussed.
Since the production modes are very different for the Higgs at e+e− colliders and
hadron colliders these two kinds of accelerators will be covered separately.
4.2.1 LEP
The Large Electron Positron (LEP) collider was an electron-positron accelerator
at CERN from 1989-2000 and one of the first accelerators which searched directly for
the Higgs boson. It hosted four detectors: ALEPH, DELPHI, L3 and OPAL and the
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(a) Bjorken process (b) one-loop induced decay mode
Figure 4.5. Main Higgs production modes at LEP1 [29].
giant amount of combined data, all at a high precision level, lead to many interesting
results including confirmations of the Standard Model in various ways. To mention
are: establishing the three types of neutrinos, and setting the lower bound for the
Higgs mass. After 11 successful years LEP was disabled and has now been replaced
by the LHC [50]. LEP had two main phases of operating LEP1 and LEP2. LEP2
was upgraded with several improvements which allowed to increase the luminosity,
the sensitivity and the energy to a maximum of
√
s = 209 GeV in the end.
At LEP1, the main production modes for the Higgs were the Bjorken process
e+e− → HZ∗ → Hff¯ , where a Z decays into a real Higgs and a virtual Z boson
which itself decays into a ff¯ pair, shown in Figure 4.5(a) and modes involving fermion-
or W - loops shown in Figure 4.5(b). Since the loop modes suffered from smaller cross
sections and large backgrounds the main production channel was the Bjorken process
[51]. Finally LEP1 set the lower bound for the Higgs mass at MH > 65 GeV at a
95% C.L. since no significant events have been detected.
LEP2 has slightly different production modes which are dominated by the gauge
boson coupling to the Higgs boson. The main production modes are Higgsstrahlung
e+e− → Z∗ → HZ and fusion processes involving virtual W and Z bosons, both
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(a) Higgsstrahlung (b) WW and ZZ fusion
Figure 4.6. Main Higgs production modes at LEP2 [51].
depicted in Figure 4.6(a) and 4.6(b) respectively. The four main final channels [51]
to see a Higgs signal in the detector, shown in Figure 4.7 four jet, missing energy,
l+l− pair and τ+τ− pair. Since LEP2 searches were in the mass range of a light
Higgs particle the main decay channel for the Higgs boson was into a bb¯ pair, Figure
4.3. The four jet channel was produced by Higgsstrahlung and the background level
was enormous at LEP1 but has been reduced for LEP2 and finally had the highest
sensitivity. The missing energy channel was produced by Higgsstrahlung as well as
WW fusion interfering constructively, but was still less important than the four jet
channel. The produced particles were two b-tagged jets and two neutrinos appearing
as missing energy with the mass of the Z boson, since Z → νν¯. Especially for Higgs
masses at the Z boson threshold this channel had large background signals. In the
l+l− pair channel the Higgs decayed again into a bb¯ pair and the Z into a l+l− pair
(with l = e or µ). The production had contributions from both Higgsstrahlung and
Z fusion but interfering destructively. This and the fact that the branching ratios for
Z → e/µ are very small lead to a small cross section of this channel. The Higgs mass
could be reconstructed by the recoil to the two leptons. The last channel was the τ+τ−
pair channel and had to be distinguished from the l+l− pair channel. This was due
to the fact that the unknown energy of the τ neutrinos made a precise measurement
of the invariant mass very difficult and hence the reconstruction for this channel was
different than for the l+l− channel. The invariant mass of the τ+τ− pair could hardly
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Figure 4.7. Signal channels at LEP2 [51].
be measured precisely (in contrary to the l+l− pair) due to the unknown energy of the
τ neutrinos and hence the reconstruction of the Higgs mass was completely different
from the l+l− pair channel [51].
However, all combined data showed no significant events for the Higgs boson and
hence LEP2 set the exclusion limit for the Higgs mass at MH > 114GeV at a 95%C.L..
LEP was a circular collider with a maximum energy
√
s = 209 GeV. Future e+e− col-
liders will most probably no longer be circular but rather linar due to synchrotron
radiation which grows quartic with the particle energy.
Besides e+e− colliders are hadron colliders such as TEVATRON and LHC. In gen-
eral there are four main production modes for the Higgs particle at hadron colliders,
shown in Figure 4.8. The gluon-gluon fusion, the WW or ZZ fusion, the tt¯ fusion and
the W/Z Higgsstrahlung. As discussed before gluons can not couple directly to the
Higgs but need triangle fermion loops. The cross section is dependent on the mass of
the fermions and hence the top loop is significant loop. The Higgsstrahlung as well
as the WW/ZZ fusion can involve both, virtual and real vector bosons, dependent
on the energy scale. The tt¯ fusion gives an additional tt¯ pair in the final state, but
will be the least important production mode at both facilities.
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Figure 4.8. Feynman diagrams for the Higgs production at hadron colliders [52].
4.2.2 TEVATRON
TEVATRON is a circular accelerator at Fermi Lab and collides protons and an-
tiprotons at a center of mass energy
√
s ∼ 1.96 TeV. It is the second largest particle
accelerator right behind the LHC. In Figure 4.9 the TEVATRON production cross
section vs. the mass of the Higgs boson is given. The gluon-gluon fusion has with
a one picobarn level the highest cross section followed by the associated WW/ZZ
production with slightly less than 250 fb both for a low Higgs masses. The cross
sections ratio in the Higgsstrahlung is WH : ZH ≈ 1.5 for a light Higgs boson. The
cross section for the WW/ZZ fusion is just slightly smaller for a light Higgs mass
and dominates for a heavy Higgs over the associated production. The tt¯ cross section
is with less than 10 fb for a MH < 120 GeV by far the smallest and hence least
significant. Although the gluon-gluon fusion has the highest production cross section
this channel suffers from very large QCD backgrounds and thus can hardly be used at
TEVATRON. Hence the most important production mode is theW/Z Higgsstrahlung.
As seen in Section 4.1 a light Higgs boson with mass MH < 135 GeV decays
mostly into bb¯ pairs. This decay mode can be measured at TEVATRON leading to
pp¯→ WH → lνbb¯. The decay pp¯→ ZH → νν¯bb¯ is not contributing due to enormous
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Figure 4.9. Higgs boson production cross section at TEVATRON [29].
backgrounds. For the gluon-gluon fusion the decay H → W+W− → l+νl−ν¯ does con-
tribute to the Higgs search even though the branching ratio for a Higgs into a WW
pair is not large for a light Higgs mass. Decays into l+νl−ν¯ combined with similar
events from the W/Z associated production allow the detection of a Higgs particle at
MH < 180 GeV. The Vector boson fusion production does hardly contribute to the
Higgs search at TEVATRON since the decay into bb¯ suffers from large backgrounds
and the pp¯→ Hqq production cross section is too small. Finally, the tt¯ fusion suffers
from a small production cross section but the decay pp¯ → tt¯H → qq¯qq¯bb¯bb¯ might
contribute if TEVATRON can collect enough data [53].
Due to technical problems at LHC the TEVATRON will most probably run till
2012. If TEVATRON continue taking data, in 2011 the collected data will be about
10 fb−1. As shown in Figure 4.10, TEVATRON will have a sensitivity of 2.4σ across
the complete mass range and for a Higgs of MH = 115 GeV a 3σ evidence is possible.
If the TEVATRON continues running until 2014, as proposed on ’Run III’, then the
overall mass range sensitivity would be about 3σ, and even 4σ for a Higgs mass of
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Figure 4.10. Future prospects for the Higgs search at TEVATRON [37].
MH = 115 GeV.
Even though it is too early, to draw deeper meanings from the following observa-
tions, the results shall be presented very briefly. For a Higgs mass of MH = 115 GeV
TEVATRON has, at the date of publishing, 5 events which could be candidates for a
Higgs boson with a signal-to-background ratio of 1:2. The expected number of events
is 0.8. As said before, no further conclusions can be made from the data, since it also
can be just some fluctuations. Nevertheless, it is an interesting hint which will be
studied more deeply. In Figure 4.11 a possible Higgs candidate event is shown. It is
an event in the CDF with two b jets and two leptons. The transversal momenta for
the jets are 88 GeV and 87.5 GeV respectively and the transversal momenta for the
leptons 151.0 GeV and 54.8 GeV respectively.
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Figure 4.11. Higgs boson candidate event at CDF [37].
4.2.3 LHC
The Large Hadron Collider (LHC ) is the largest particle accelerator in the world,
colliding protons. It started operating in December 2009 with a center of mass energy
of
√
s = 7 TeV (which will be increased to 14 TeV in 2012) and four main detectors:
ATLAS, ALICE, CMS and LHCb. The LHC Higgs production cross section is given
in Figure 4.12. The gluon-gluon fusion is the main production mode at LHC as well.
The cross section are a few tens of a picobarn for a light Higgs particle and for very
heavy Higgs masses MH ∼ 1 TeV it drops to 0.1 pb. The WW/ZZ production cross
section is about 10 pb for a small Higgs mass much smaller than the gluon-gluon
fusion but still significant. For large Higgs masses MH ∼ 1 TeV the cross section be-
comes of the same size as the gg fusion. For Higgs masses 100 GeV< MH < 250 GeV
the W/Z Higgsstrahlung and the tt¯ fusion do contribute as well with a few picobarn
but drop lower than 0.1 pb for Higgs masses higher than MH > 250 GeV. Very inter-
esting is the kink for the gluon-gluon fusion at MH ∼ 350 GeV. This is the energy
range for the tt¯ threshold and the small boost in the cross section comes from the
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Figure 4.12. Higgs boson production cross section at LHC [29].
fact that both top quarks are on shell now.
The signal channels for LHC are different from TEVATRON. The dominant Higgs
decay into bb¯ pair for a light Higgs particle in the gluon-gluon fusion production chan-
nel seems to be the most promising signal channel due to the large production cross
section but suffers from large QCD backgrounds. Nevertheless the gg fusion produc-
tion does contribute to the signal channels at LHC. The ’golden plated’ channel at
LHC arises from the gluon-gluon fusion and the Higgs decay into a pair of Z bosons;
H → ZZ → l+l−l+l− for Higgs masses MH > 2MZ . The backgrounds origin from
the ZZ production and are studied very well and can be measured from the data.
For very heavy Higgs masses MH > 600 GeV the branching ratio for the gluon-gluon
fusion drops and hence a large amount of luminosity is required. This channel can be
extended to Higgs masses MH ∼ 120 GeV by allowing one of the Z bosons to be off
shell. In the mass range MH < 150GeV the ’silver’ channel comes also from the gluon-
gluons fusion and occurs for Higgs decays into two photons. The QCD backgrounds
are reducible for this channel but the decay is rare and hence a high luminosity of
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Figure 4.13. Discovery Luminosity for different decay modes at LHC [55].
10−50fb−1 is needed. For low luminosity this channel can contribute by combining all
H → γγ channels from the gluon-gluon fusion, Higgsstrahlung and WW/ZZ fusion.
For the production via Higgsstrahlung the decay into a WW pair is the most impor-
tant signal channel, especially in the mass range 160GeV< MH < 180GeV where the
Higgs decays almost with 100% into a WW pair and the production cross section is
still significant. The detailed signal channels are pp→ HW → l±νl±νjj or l+l−l+l−.
Only from the tt¯ fusion production the decay into a bb¯ pair can give a signal without
suffering too much from backgrounds, but the reconstruction of the H → bb¯ mass
peak is challenging [29].
The needed luminosity for a 5σ discovery for the Higgs boson is shown in Figure
4.13 for several decay modes. Higgs particles produced by gluon-gluon fusion are
represented by the solid lines whereas Higgs bosons produced via WW fusion are
given as dashed lines. Now it becomes clear why H → ZZ → l+l−l+l− is named
’the golden channel’. First of all, this channel can be used for almost the complete
possible mass range, for light Higgs as well as for heavy Higgs. Especially for heavy
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(a) CMS [56]. (b) ATLAS [57].
Figure 4.14. Prospective excluded Higgs mass region at LHC.
Higgs masses, MH < 200 GeV this channel has an acceptable low amount of luminos-
ity. For very heavy Higgs masses MH > 600 the needed luminosity increases since
the branching ratio for the gluon-gluon fusion decreases. Only in a small region of
about MH ∼ 180GeV the needed luminosity increases to ∼ 100fb−1 [55]. This is due
to the fact that in this mass range the Higgs decays almost solely into a WW pair.
This is the preferred signal channel at that mass at LHC since a very low luminosity
is needed. In the lower mass region, the needed luminosity for the golden channel
increases again since the energy is below the Z threshold and at least one z boson
must be virtual, leading to a lower cross section. Even though the decay rate is rather
low for decays into two photons, this decay gives clear signals in the detectors and
hence is used as a low Higgs mass search channel.
Future prospects for the LCH expect an integrated luminosity of 1 fb−1 until the
end of 2011. With 1 fb−1 of luminosity CMS expects to be able to exclude the mass
are 145− 190 GeV at a 95% C.L., using Higgs decay channels into γγ, WW , and ZZ
pairs. ATLAS expects to exclude the mass region 135− 188 GeV also at a 95% C.L.,
using the same decay channels as CMS until the end of 2011. Both exclusion limits
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Figure 4.15. Events vs Higgs mass at LEP for MH = 91 GeV [58].
are shown in Figure 4.14.
In this section only the main production and signal channels have been studied.
Especially at TEVATRON and LHC are far more channels taken into account, themed
’no channel is left behind’; for example at TEVATRON a total number of 90 mutually
exclusive final states (D/0:54 and CDF:36) [54] are taken into account and for LHC
even more. For a very detailed analysis of the signal channels at TEVATRON and
LHC, reference [29] is highly recommended.
Another aspect on detecting the Higgs particle. Can it be that the Higgs mass
is exactly the mass of another particle, such as the Z boson MH = 91 GeV= MZ
and what happens to the signal in the detector? Have previous experiments just
’overlooked’ it by the reason the signal was ’misinterpreted’ as another particle such
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as the Z boson? This has been studied at LEP for the Z boson case and is shown
in Figure 4.15 events vs reconstructed Higgs mass. The combined data of all LEP
detectors are the dots with error bars, the yellow shaded histogram is the determined
SM background and the dashed line is the predicted signal for a Higgs mass MH =
91 GeV. As one can clearly see, if the Higgs boson had a mass of MH = 91 GeV there
should have been more events in the detectors.
4.3 4th Generation of Fermions
Lastly, the consequences of a 4th generation of chiral matter for the SM and par-
ticularly the Higgs mechanism will be discussed, but this also brings a philosophical
question. Must a 4th generation be considered as New Physics, or not? On the one
hand it is a new theory including an additional family of fermions which is not a
part of the current SM. But on the other hand, is it really a new theory? Every-
thing except the number of fermion generations remains unchanged. This is an often
discussed question and here this phenomena is presented in the context of the Higgs
detection rather than in the context of New Physics to compare it directly to the SM
results.
The theory of a 4th, or even higher generations, has been considered and rejected
several times and most people believe it is not consistent with high precision data.
But detailed analysis have shown that a fourth generation (q4, u4, d4, e4, l4) and a
single right handed neutrino ν4 can be integrated in the SM in agreement with a
heavy Higgs boson MH > 500 GeV [59]. The corresponding Lagrangian is
L = λupqQ¯pHuq + λdpqQ¯pH†dq + λepqL¯pH†eq + λνpqL¯pHνq +
1
2
Mpqν¯
c
pνq + h.c.. (4.5)
Contrary to the first three generations the fourth generation is supposed to have a
heavy neutrino mν4 ≥ MV2 . From direct searches a lower limit for the fourth generation
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Figure 4.16. Branching ratios for the Higgs boson including a fourth generation
[62].
particles u4 and d4 could be set to mu4,d4 > 258 GeV by CDF at the TEVATRON to
a 95% C.L.. An unstable neutrino with mass of mν4 ∼ 50 GeV was ruled out by LEP
II [60] and a stable neutrino in the same mass range might be excluded by dark mat-
ter searches [61]. Further restrictions for a fourth generation come from generational
mixing and oblique electroweak bounds [62]. As mentioned above, a fourth generation
is consistent with a heavy Higgs boson, which would favor decays into fourth genera-
tion particles, but an extremely heavy Higgs particle is highly disfavored by EW high
precisions measurements and hence the Higgs mass can not be too large as well. The
complete branching ratios for the Higgs boson with a fourth generation are shown in
Figure 4.16 with masses for the fourth generation neutrino and lepton mν4 = 100GeV
and ml4 = 155 GeV respectively. Comparison to the SM branching ratios, Figure 4.3,
shows that for a light and medium Higgs boson MH < 200 GeV only the decays into
a two gluons and two photons are effected by a fourth generation. Since the the ggH
coupling increases by a factor of 3 the gluon-gluon production cross section σgg→H
in a forth generation model increases by a factor of 9. For a simple explanation the
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gluon-gluon fusion has to be remembered. The Higgs can not couple directly to the
gluons, so there is a triangle quark loop before producing the Higgs, shown in Figure
4.8. Since there are two additional heavy quarks contributing to the production mode
as well as the general ggH coupling increasing, the overall increment is of a factor of
9. To see this mathematical, the partial decay widths for H → gg and H → γγ have
to be studied [62]. These are
ΓH→gg =
Gµα
2
sM
3
H
36
√
2pi3
∣∣∣3
4
∑
f
Af (τf )
∣∣∣2 (4.6)
ΓH→γγ =
Gµα
2M3H
128
√
2pi3
∣∣∣∑
f
NcQ
2
fAf (τf ) + AW (τW )
∣∣∣2 (4.7)
with τi =
M2H
4mi
, i = f,W , the form factors for fermions and the W boson
Af (τ) = 2 [τ + (τ − 1)f(τ)] τ−2 (4.8a)
AW (τ) = −
[
2τ 2 + 3τ + 3(2τ − 1)f(τ)] τ−2 (4.8b)
and the three point integral
f(τ) =

arcsin2
√
2 for τ ≤ 1
−1
4
(
ln[1+
√
1−τ−1
1−√1−τ−1 ]− ipi
)2
for τ > 1.
(4.9)
The values for the form factors are given in Table 4.1 with the parameter sets for the
forth generation with ml4 = 155GeV, mν4 = 100GeV and two different Higgs masses.
Due to these form factors for the fermions and the sum in the partial decay width the
gluon decay is increased by roughly a factor of 9 for Higgs masses MH < 200 GeV.
Remarkably this is hardly dependent of the mass of the new quarks, as long as they
are heavier than the top quark mass. For heavier Higgs masses the decay width de-
creases. The decay into two photons is suppressed due to the large W form factor
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AW , which is negative. In the heavy Higgs masses region MH > 200 GeV, additional
decay modes into the fourth generation fermions occur. At the thresholds for ν4 and
l4 the branching ratios increase considerably but decays into massive gauge bosons,
WW and ZZ pairs, remain dominant. Decays into fourth generation leptons compete
only with decays into tt¯ pairs.
A higher coupling causes an increase in the decay rate for the H → gg as well,
but will be barely measurable at the LHC due to large backgrounds. Due to the
immense enhancement of the production cross section and the decay rate, studies
of combined CDF and D/0 data [63] have given interesting information of the scale
of the Higgs mass. Shown in Figure 4.17, the excluded mass region for the Higgs
boson with fourth generation effects is expanded to 130 GeV< MH < 210 GeV at a
95% C:L.. That is a very large mass range which is excluded by direct searches at
the TEVATRON and implies for current searches at LHC if a fourth generation does
exist most of the energy region which will be covered by the LHC is already excluded
by TEVATRON. Only a light Higgs 114 GeV< MH < 130 GeV is not exluded and
detectable in the mass range of the LHC.
Finally, a fourth generation would have several interesting influences on the SM
and especially the Higgs sector. The cross section for the gluon-gluon fusion does
MH [GeV] 115 200
AW -8.032 -9.187-5.646i
At 1.370 1.458
Au4 1.344 1.367
Ad4 1.349 1.382
Al4 1.379 1.491
Table 4.1. Form factors for MH = 115 GeV and MH = 200 GeV.
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Figure 4.17. Combined CDF and D/0 Data in a 4th generation extension [63].
increase as well as the Higgs decay into two gluons for light Higgs masses. The decay
into two photons γγ is suppressed compared to this decay mode in the SM prediction.
A heavy Higgs itself would decay into the fourth generation quarks and compete with
decays into top quarks, but can not suppress the most significant decays into gauge
boson pairs. Also the excluded mass region for the Higgs boson would be expanded
by TEVATRON leaving only a small lower mass region for the LHC to detect the
Higgs particle. The discussed influences are just a few examples. A fourth generation
would have more effects on the SM and could potentially solve problems in other
models of New Physics. Nevertheless, the LHC should be able to confirm or rule out
a fourth generation of fermionic matter in an early state.
82
CHAPTER 5
HIGGS AND NEW PHYSICS
5.1 Two Higgs Doublets Model
One of the main extensions of the Standard Model is to introduce the two Higgs
doublet model (THDM), contrary to one in the Standart Model. THDMs occur
naturally in quite a few New Physics models. One of the most famous applications of
THDM is supersymmetry, discussed in the next section. THDM predicts 5 distinct
physical Higgs particles and allows CP violation in the Higgs sector. The most general
Lagrangian for two Higgs doublets is [64]
L =m211(Φ†1Φ1) +m222(Φ†2Φ2)−m212(Φ†1Φ2)− (m212)∗(Φ†2Φ1)
+
1
2
λ1(Φ
†
1Φ1)
2 +
1
2
λ2(Φ
†
2Φ2)
2 + λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
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1
2
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†
1Φ2)
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†
2Φ1)
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+ [λ6(Φ
†
1Φ2) + λ
∗
6(Φ
†
2Φ1)](Φ
†
1Φ1) + [λ7(Φ
†
1Φ2) + λ
∗
7(Φ
†
2Φ1)](Φ
†
2Φ2) (5.1)
with m212 and λ5,6,7 being complex. This Lagrangian respects gauge symmetry and is
renormalizable.
Why does this theory predicts 5 distinct Higgs particles? The answer is given
by studying the Lagrangian in the context of SSB. As a short review, the SM has
one complex doublet, i.e four hermitian fields. After SSB three Goldstone bosons
disappear and hence just one physical Higgs remains. The THDM consists of two
complex Higgs doublets. Two doublets represent eight hermitian fields, but still
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three Goldstone bosons are generated by SSB since the number of symmetries remain
unchanged. That means 5 distinct physical Higgs particles appear in the THDM. A
light scalar Higgs h1 which is similar to the SM Higgs particle, a heavy scalar Higgs
h2, a pseudoscalar Higgs A and a charged pair H
±. In the following two sections
two applications of THDM models are presented, the supersymmetry model and the
Peccei-Quinn theory.
5.2 SUSY
Supersymmetry (SUSY) is a symmetry which associates a particle with an integer
spin with another particle with a half-integral spin and vice versa. Since there is no
evidence for such ’partnerships’ in the SM right now, new particles must be intro-
duced called sparticles. There are 126 free parameters in SUSY theories. Particle
pairs which can be converted into each other by a SUSY transformation are called
superpartners. But how is SUSY motivated by the current physical theories? There
are three main reason for SUSY. The first involves the gauge couplings. The fine
structure constants for the weak, electromagnetic and strong interactions are very
different from each other for low energies and are α1, α2 and α3 respectively. Extrap-
olating the couplings to very high energies (∼ 1016 GeV) shows the three ’runnings’
for the αi do not converge into one single point. Since they miss each other the three
forces cannot be unified. But this in an important goal in physics: to unify the forces.
With SUSY the three couplings are slightly varied and for very high energies they
do converge into one single point, shown in Figure 5.1. Please note that the energy
scale is logarithmic. The inverse fine structure constants are plotted vs. the energy,
on the left side for the SM and on the right side for SUSY. One can clearly see, that
for SUSY the coupling constants are converging to one point.
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Figure 5.1. Unification of the fine structure constants [19].
The second reason for SUSY theories is the fact that SUSY has a dark matter
candidate. Associated with SUSY is a new multiplicative R-parity invariance,
R = (−1)3(B−L)+2S , (5.2)
where B is the baryon number, L is the lepton number and S is the spin of the parti-
cle. SM particles all have even R-parity and SUSY particles have odd R-parity. For
scattering and decay processes the R-parity has to be an invariant. For example if the
initial state is a SM particle, SUSY particles have to be produced in pairs to conserve
R-parity. SUSY particles are not stable and decay into lighter particles which must
result in a lightest stable particle (LSP). From cosmological constraints, it follows that
the LSP is considered to be be electrically and color neutral [65] and hence interact
via the weak force and thus is sometimes called weakly interacting massive particle
(WIMP). Since the LSP does not give a clear signal in detectors it is only recogniz-
able as missing energy. All together, because the LSP has to be produced in large
amounts and is just detectable as missing energy it is a very reasonable candidate for
dark matter.
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The third main argument for introducing SUSY is motivated by the Hierarchy
Problem discussed previously in Chapter 3.3.4. The Hierarchy or fine tuning problem
arises from loop contributions to the Higgs mass which grow quadratically instead of
logarithmically and hence might lead to unacceptably large Higgs masses. For keep-
ing the Higgs mass at the EW scale of a few hundred GeV the Higgs tree mass has
to be tuned very precisely to cancel these huge corrections. SUSY is one possibility
to resolve this problem successfully. Every SM loop has a superpartner loop in SUSY
and they cancel out the divergences (in the equal mass limit) since all SM coupling
constants remain the same in SUSY but all the superpartners contribute with the
opposite sign due to spin statistics. Thus, SUSY is a very elegant way to solve the
hierarchy problem.
Since SUSY theories are believed to solve several problems in particle- and astro-
physics, they are very popular in theoretical physics. This also explains why most
of the grand unifying theories (GUT) and superstring theories are supersymmetrical.
Nevertheless, neither have SUSY particles yet been detected nor has the theory been
experimentally confirmed in any other way. SUSY must therefore be a broken sym-
metry, allowing the superpartners to be heavier than the SM particles. If they had
the same mass, physicists should have detected them by now.
The smallest extension of the SM which is consistent to itself is the minimal su-
persymmetric standard model (MSSM). In the MSSM the superpartner for a fermion
is a boson and vice versa. The most important particles of the SM and their MSSM
superpartners are listed in Table 5.1 along with their main properties. Table 5.1 is not
quite correct since the MSSM has not only one Higgs boson as the SM but 5 distinct
Higgs particles. This is due to the superpotential which requires two complex Higgs
doublets and thus the THDM from the previous section predicts 5 Higgs particles.
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(a) SM loop contribution
(b) SUSY loop contribution
Figure 5.2. Comparison of SM and SUSY loop contributions to Higgs mass.
1 Higgs doublet, i.e 4 fields
3Goldstone−→ 1 physical Higgs particle
2 Higgs doublets, i.e 8 fields
3Goldstone−→ 5 physical Higgs particles.
For the MSSM one dark matter candidate is the neutralino, a mixture of electroweak
gauginos and Higgsinos. Also the hierarchy problem can be solved using MSSM. The
quadratically convergent loops in the SM were discussed in Chapter 3.3.4. The SM
loop as well as the the loop contributions for the superpartners are shown in Figure
5.2. Due to the opposite signs in the Feynman rules they will cancel out.
SM Particle type Particle Spin Superpartner MSSM Spin
Fermions Quark q 1
2
Squark q˜ 0
Lepton l 1
2
Slepton l˜ 0
Bosons W 1 Wino W˜ 1
2
B 1 Bino B˜ 1
2
Gluon g 1 Gluino g˜ 1
2
Higgs H 0 Higgsino H˜ 1
2
Table 5.1. SM particles and their MSSM superpartners.
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Since SUSY solves the hierarchy problem very elegantly it was believed for a
long time that SUSY is the only possible solution. However, this is not so. The
argument that there were no other possible explanations for the cancellations assumed
that due to the Feynman rules, where bosons and fermions contribute with opposite
signs, the divergences could only cancel between fermion and boson loops. Since
these cancellations were required to occur naturally, fermion and boson loops had
to be related by a symmetry: supersymmetry. But this is not quite correct, since
cancellations can occur without being caused by opposite signs in fermion-boson loops
[45]. Another way to solve the hierarchy problem is by introducing a so called ’Little
Higgs’. For further information reference [45] is recommended.
5.3 Peccei-Quinn Theory
Another very interesting theory beyond the SM is the Peccei-Quinn theory. It
it motivated by the strong CP problem: unlike the electroweak theory, experiments
indicate that quantum chromodynamics (QCD) does not violate CP symmetry. If
CP violation would appear in QCD an electric dipole moment for the neutron of
magnitude dn ∼ 10−16 e·cm should occur as a consequence, but experiments have
shown null results to a upper limit dn ≤ 3 ·10−26 e·cm. The QCD Lagrangian includes
an additional term, dependent on a parameter θ, to describe non-trivial vacuum
structures [16]:
LQCD = −F aµν F µνa +
∑
α
Ψ¯
(α)
j (i /Djk −m(α)δjk)Ψ(α)k + θ
g23
64pi2
F aµνF˜
µν
a (5.3)
with Ψ
(α)
j being quark fields, α = u, d, s, ... the flavors index and j = 1, 2, 3 the color
index. The last term breaks the CP symmetry in a natural way. The θ parameter
is a free parameter and can be within the range 0 ≤ θ ≤ 2pi but since there are no
indications for CP violation θ must be almost zero θ ' 0. This leads to the remaining
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question: why are the strong interactions CP-preserving even though the QCD La-
grangian contains a term which breaks CP symmetry. The simplest solution is given
by the requirement that at least one quark has no mass at all and it would follow
easily that θ vanishes. But there are neither theoretical nor experimental indications
for a massless quark and hence this solution is very unlikely.
Another, very beautiful, solution for the strong CP problem is given by the Peccei-
Quinn mechanism [66]. In this theory there are again two complex Higgs doublet and
θ becomes a dynamical field, associated with a particle α. Furthermore a new chiral
symmetry U(1)PQ is added to the SM
L = −q¯L[Γ2Φ2dR + Γ1Φ˜1ur] + h.c. (5.4)
with
Φ1 → eiγΦ1 Φ2 → e−iγΦ2 (5.5)
ur → eiγuR dr → e−iγdR (5.6)
and ql → ql remains the same. The new effective Lagrangian is
Leff = ...+ g
2
3
64pi2
F aµνF˜
µν
a [θ¯ + ξ
α¯
f
]. (5.7)
By minimizing the potential one obtains a vacuum expectation value of 〈α¯〉0 = − α¯fξ .
As done in Chapter 1.1 by redefining α¯ = 〈α¯〉0 + α the vacuum expectation value
becomes zero in a natural way. When the effective Lagrangian including the Peccei-
Quinn symmetry becomes spontaneously broken a Goldstone boson α is generated
which is a new particle called the axion [66]. Many axion searches have yieldsd nothing
thuh far. For example, there have been experimental attempts to detect axions at
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Polarizzazione del Vuoto con LASe (PVLAS) in Italy or the Axion Dark Matter
Experiment (ADMX). Some results from PVLAS can be interpreted as axions, but
the observed events can be explained by other phenomena as well and hence this result
is very controversial [67]. In addition, recent papers (November 2009) by Katherine
Mack question the existents of axions at all [68, 69].
5.4 Vectorlike SM
Another approach to New Physics is a vectorlike SM. It is motivated by the
asymmetry of coupling for the weak currents in the SU(2) sector. QCD and QED
both are vectorial gauge theories and their corresponding currents do not distinguish
between right- and left-handed fermions [70]. Only the weak currents have chirality.
The vector like SM contains the usual set of gauge bosons, but interactions are non-
chiral. To make it consistent with current data, chirality is introduced by the Higgs
mechanism. So this model starts with three quark doublets
Qα =
 aα
bα
 , (5.8)
six singlets cα and fα, with α = 1, 2, 3. The leptons are constructed likewise. Similar
to the fermion part of the Higgs Lagrangian in the electroweak section, Equation
(2.15), the Lagrangian now is given by
LV L = iQ¯α /DQα + ic¯α /DQα + if¯α /Dfα (5.9)
with covariant derivatives which respect weak Hypercharge and weak Isospin for the
doublets and covariant derivatives which respect only weak Hypercharge for the sin-
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glets. The Higgs sector consists of two Higgs doublets Φ1 and Φ2. Via Yukawa
interactions fermions couple to the Higgs fields
LY =− ΓlcαβQ¯αLΦ˜1cβR − ΓlfαβQ¯αLΦ1fβR
− Γ2cαβQ¯αRΦ˜2cβL − Γ2fαβQ¯αRΦ2fβL + h.c.. (5.10)
By the Higgs mechanism the Lagrangian now respects left-and right-handed fermions.
Comparison to Equation (2.15) shows that there are twice as many particles in the
vectorlike SM than in the original SM; neglecting the last term in Equation (2.15),
the lepton contribution. After SSB two vacuum expectation values occur
〈Φ1〉0 = 1
2
 0
v1
 〈Φ2〉0 = 1
2
 0
v2e
iΘ2
 . (5.11)
Notable is the complex phase for the Φ2 expectation value. Since v1  v2 can be
arranged, two of the produced fields will be light: u, d and two will be heavy: U,D.
The heavy particles are called mirror fermions. The charged current becomes [70]
Lch = − g2
2
√
2
W−µ
[
d¯γµV
KM(1 + γ5)u+ D¯γµV
MKM(1− γ5)U
]
+ h.c. (5.12)
with the Kobayashi-Maskawa matrices for the SM particles, V KM = X†LVL and for
the mirror fermions, V MKM = X†RVR. Only left-handed fermions couple to the W
boson whereas mirror fermions have to be right-handed to couple to the W boson.
Besides the nice effect, that chirality would be an outcome from the Higgs mecha-
nism rather than a natural feature of the fields themselves, the vectorlike SM includes
a lightest mirror particle [70] which would provide a dark matter candidate. To fit
the theory with the existing EW high precision data it has to be fine-tuned. This
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is possible and finally gives the opportunity to confirm or rule out the theory in an
early operating stage of the LHC.
5.5 Higgs and Inflaton
The last New Physics Theory which will be discussed tries to connect cosmology
to the Standard Model by arguing the Higgs particle is also the Inflaton. In physics
there are two crucial scalar fields whose origin comes from very diverse sectors: in
accelerator physics is the Higgs and in cosmology is the Inflaton. Since they arise
from two very different theories it appears that they should be distinct. Nevertheless,
Shaposhikov et al. published papers [71, 72] proposing and studying exactly this
idea. As discussed elaborately in Chapter 3 there are experimental and theoretical
constraints on the Higgs mass, leading to a favored Higgs mass of 115 GeV< MH <
158 GeV. SSB has to appear to force a new vacuum expectation value which is non
zero any more. This should happen within tHiggs ∼ 10−12sec after the Big Bang.
Inflation is a theory about the rapid expansion of the early universe. The Inflation is
driven by a potential (
a˙
a
)2
' V (Φ) 1
3m2Pl
(5.13)
with the solution
a(t) = a(ti)exp
[(
V
3m2Pl
) 1
2
(t− ti)
]
. (5.14)
All this is supposed to happen in a very early time frame tinflation ∼ 10−36sec. The
experimental verification of the theory is by measuring the power spectrum or the
background radiation of the universe shown in Figure 5.3. Wilkinson Microwave
Anisotropy Probe (WMAP) is a collaboration between John Hopkins University,
Princeton University and NASA. The number denotes the number of years taking
data, in this case 5 years [73]. This electromagnetic radiation fills the universe and
is almost constant in each direction, but nevertheless there are fluctuations of a few
µK. The origin of the radiation background is believed to be at the big bang and
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Figure 5.3. Background Radiation of the Universe, WMAP5 [73].
thus its the main confirmation for the big bang theory. The radiation measured in
the detectors nowadays gives a picture of the early universe. The fluctuations in the
radiation mentioned above are due to fluctuations in the temperature at this very
early state of the universe. The data of WMAP5 can be analyzed by adopting the
fitting function
∆2R(k) = ∆2R(k0)( k
k0
)ns(k0)−1 (5.15)
for the density perturbations in the power spectrum (in k-space). In the previous
Equation k0 is the Pivot Point and ∆
2R(k0) is the amplitude at k0. Notable is the
exponent ns(k0) which is the spectral index and according to the experimental data
has to be in the range of 0.93 < ns(k0) < 0.99. The spectral index is related to the
Inflaton potential via
ns = 1− 3m2Pl (
V ′
V
)2 + 2m2Pl (
V ′′
v
). (5.16)
Theoretical studies for the spectral index ns predict ns ' 0.968 for a classical analysis
when ns is not depended on the SM. Nevertheless, in a quantum analysis, things are
more complicated. The Inflaton potential is dependent on the Higgs potential, the
Higgs coupling, the three coupling constants and yt a function depended of the top
quark mass V = V (Φ, λ, g3, g2, g1, yt). The spectral index ns gets modified as well.
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Figure 5.4. Spectral Index ns vs. Higgs Mass MH [74].
For the calculation one has to determine several Feynman diagrams, including Higgs
loops, which lead to the result that the spectral index ns is depended on the SM and
especially the Higgs boson. These thoughts lead to the astonishing result depicted
in Figure 5.4 [74]. In the Figure the dependence of ns on the Higgs mass is clearly
given. The range of the graph is for a light Higgs mass 122 GeV< MH < 136 GeV
with the top mass as free parameter. Three values for the top quark mass are given
(red, blue and orange solid lines) and the dotted blue lines represent slightly different
values for αs. The horizontal line (green, dashed) is the classical result of ns ∼ 0.968.
The correlation between the spectral index ns and the Higgs Mass is in agreement
with theory and the predictions of the SM as well as cosmology. The electroweak
precision data favors a light Higgs mass and the WMAP5 data predicts the spectral
index to be in the range of 0.93 < ns(k0) < 0.99. If the simplest Higgs model is set
to be equal to the Inflaton model all taken data are in agreement with this theory.
The two crucial scalar fields can be combined in one theory. Nevertheless, although
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the theory seems to work out very well at first glance, there are several criticisms by
Barvinsky et al. [75], Barbon/Espinosa [76] and Burgess et al. [77].
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CONCLUSION
In this thesis several aspects regarding the Higgs mechanism have been studied
and presented. This mechanism explains how fermions and some gauge bosons ac-
quire masses in the Standard Model. The electroweak section of the Standard Model
uses one complex Higgs doublet which leads to three would-be Goldstone bosons and
one physical Higgs particle after spontaneous symmetry breaking. The Goldstone
bosons get eaten by the Higgs mechanism and become the longitudinally polarized
parts of the W and Z bosons. The physical Higgs particle is a scalar boson with spin
zero and even CP-parity. Furthermore, the fermions and the W/Z bosons get masses
by interacting with the Higgs condensate. The Higgs boson is the only particle which
has not yet been detected. Nevertheless, restrictions on the allowed mass region can
be found. These are theoretical constraints arising from unitarity, triviality and sta-
bility bounds as well as from the hierarchy problem, which involves the problem that
the Higgs mass might grow unacceptable large. Also, electroweak high precision data
give the basis for experimental constraints as well as results from direct searches. The
lower limit for the Higgs mass was set by LEP2 to MH > 114.4GeV and TEVATRON
excluded the mass region of 158GeV< MH < 175GeV. The standard fit from the EW
data highly prefers a light Higgs boson in the mass range 115 GeV< MH < 158 GeV.
In addition decay, production and final state channels at particle detectors have
been studied, with emphasis on TEVATRON and LHC searches. Both facilities have
higher sensitivity for heavy Higgs masses and need higher luminosity for light Higgs
particles. The main signal channel for TEVATRON arises from the gluon-gluon fu-
sion H → W+W− → l+νl−ν¯. The golden channel H → ZZ → ll¯ll¯ at LHC is also
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produced via the gluon-gluon fusion. By the end of 2011 TEVATRON will have an
integrated luminosity of 10 fb−1 and if it continues running until 2014 it can collect
up to 16 fb−1 data. This would give a 4σ sensitivity to detect a Higgs boson at the
lower mass limit, which is pretty close to the acquired 5σ for a discovery. Neverthe-
less, it is highly unlikely that TEVATRON can cover a 5σ sensitivity. At the date of
publishing, LHC is running with 7 TeV and will have 1 fb−1 integrated luminosity by
the end of 2011. After a one-year shutdown, it is planned to run LHC with a center
of mass energy of 14 TeV.
Finally several new physics theories have been studied. The THDM predicts 5
physical Higgs particles and SUSY is one of the most famous applications. In this
theory particles with integer spin are connected via a symmetry to their half-integral
spin superpartners and vice versa. Even though there are many strong advantages
for SUSY theories, such as unification of the gauge couplings, dark matter candidate
and solving the hierarchy problem, there are also some remaining questions. These
have to do with 126 free parameters in this theory or the fact that the lightest Higgs
particle might be lighter than the lower mass limit MH > 114 set by LEP2. Another
studied theory considered here is the vectorlike SM, where chirality is not an intrin-
sic property of the Lagrangian but a result of the Higgs mechanism. The final new
physics theory is about the possibility that the Inflaton and the Higgs might be the
same scalar fields, even though they appear in such different fields of physics. The
theoretical predicted values for the spectral index and the Higgs mass are in good
agreement with current experimental constraints.
There are many existing new physics models, involving Higgs particles, but each
has it own problems and non of them seem absolutely convincing. In the coming years
especially LHC will hopefully be able to confirm or rule out the Standard Model Higgs
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and/or new physics alternatives. This is a very exciting time for particle physicists
and only experiments can show, if the Higgs mechanism is the theory which explains
the origin of fermion and some gauge boson masses.
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